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ABSTRACT 

Flow f i e l d s  p a s t  aerodynamic d e c e l e r a t o r s  i m -  L = Cone l e n g t h  
mersed i n  the  wake of  a primary v e h i c l e  are in-  
v e s t i g a t e d  a n a l y t i c a l l y .  I n v i s c i d  f low f i e l d s  w e r e  M = Mach number 
computed by t h e  methods of c h a r a c t e r i s t i c s  and in-  
t e g r a l  r e l a t i o n s ,  and laminar  boundary l a y e r  prop- p = Pressure  
ert ies were c a l c u l a t e d  numerical ly .  R e s u l t s  f o r  
po in ted  wedges and cones showed an adverse  p r e s s u r e  5 = Nondimensional p r e s s u r e ,  = p/o,V, 
g r a d i e n t  on t h e  s u r f a c e  which l e d  to  boundary l a y e r  
s e p a r a t i o n  i n  some cases and an i n v i s c i d  s u r f a c e  
Mach number going t o  u n i t y  f o r  some wake p r o f i l e s .  
Surface pressure  d i s t r i b u t i o n s  were found t o  cor- 
relate very w e l l  wi th  the  tangent  cone approxima- condi t ions  
t i o n  and reasonably w e l l  w i t h  a Newtonian theory  
appl ied  t o  nonuniform f r e e  streams. S = Entropy 
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= Heat t r a n s f e r  rate a t  t h e  w a l l , B t u / f t  -sec 

= Reynolds number based on f a r  f ree-s t ream 
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NOMENCLATURE 

= Parameter used i n  s p e c i f y i p g  nonuniform 
f rees t ream v e l o c i t y  d e f e c t  i n  equat ions  
(1) and (2) 

= Speed of  sound 

= Parameter used i n  s p e c i f y i n g  nonuni fom 
f rees t ream v e l o c i t y  d i s t r i b u r i o a  in equa- 
t i o n  (1) 

= Parameter used i n  equat ion  (2) 

= Drag c o e f f i c i e n t ,  see equat ion  (15) 

= Skin f r i c t i o n  c o e f f i c i e n t  based on f a r  
f rees t ream condi t ions  

= Surface 7 r e s s u r e  c o e f f i c i e n t  based on f a r  
f ree-s t rean  c o n d i t i o n s ,  s e e  equat ion  (11) 

= Surface p+cssure  c o e f f i c i e n t  based on i o c a l  
f ree-s t ream cundi ticr,s, se= equat ion  (10) 

= S p e c i f i c  h e a t  a t  c o n s t a n t  volume 

= T o t a l  en tha lpy  

= 0 o r  1 f o r  wedge o r  cone, r e s p e c t i v e l y  

= Constant def ined  by equat ion  (14) 

V = T o t a l  v e l o c i t y  

x ,y  = Coordinate  a lcng and normal t o  body a x i s  of 
symmetry, see Figure  1 

* 
y = Shock-wave p o s i t i o n  on i n i t i a l - d a t a  l i n e ,  

see Figure  2 

6 = Shock wave angle  

y 2 2  Rat io  of s p e c i f i c  h e a t s  (1 .4 )  

6 = Body i n c l i n a t i o n  angle  x i t h  r e s p e c t  t o  body 
axis 

8 = D i r e c t i o n  of v e l o c i t y  v e c t o r  r i i th  r e s p e c t  t o  
body a x i s  of  symmetry 

v = Mach angle  

0 = Densi ty  

S u b s c r i p t s  

b = Body p o i n t  

S = Shock p o i n t  

N 

co 

1 

= Condit ions at  t h e  nose (yl = 0) 

= F a r  f r e e s t r e a m  condi t ion  a t  y = .,- 

= Local  f ree-s t ream condi t ion  a t  y = y, 
L 
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INTRODUCTION 

One of t h e  problems a s s o c i a t e d  wi th  t h e  re- 
e n t r y  of a space v e h i c l e  i n t o  a p l a n e t a r y  atmos- 
phere  i s  t h e  des ign  of a d e c e l e r a t o r  t o  slow t h e  
v e h i c l e  down t o  t o l e r a b l e  speeds .  
d e c e l e r a t o r s ,  composed of l i gh t -we igh t  high-drag 
bodies  towed behind t h e  primary v e h i c l e ,  have been 
proposed t o  s o l v e  t h i s  problem. 
c e l e r a t o r  fo l lows  i n  t h e  wake of t h e  primary vehi -  
cle, t h e  f r e e  stream approaching t h e  d e c e l e r a t o r  is  
nonuniform and similar t o  t h a t  shown i n  F igu re  1. 
The nonuniformity o f  t h i s  f r e e  stream has  a sub- 
s t a n t i a l  e f f e c t  on bo th  t h e  d rag  and s t a b i l i t y  of 
a d e c e l e r a t o r  when compared t o  t h e  cor responding  
r e s u l t s  f o r  a uniform f r e e  stream. 

Aerodynamic 

S ince  t h e  de- 

Various exper imenta l  and t h e o r e t i c a l  s t u d i e s  
have been performed on towed r i g h t - c i r c u l a r  

t o  a s s e s s  t h e i r  f e a s i b i l i t y  as a 
d e c e l e r a t o r .  These exper imenta l  r e s u l t s  confirm 
t h a t  t h e  s t a t i c  p re s su re  i n  t h e  f a r  wake is n e a r l y  
cons t an t  even though t h e  v e l o c i t y  varies s i g n i f i -  
c a n t l y .  Campbell1 found t h a t  t h e  measured t r a n s -  
v e r s e  v e l o c i t y  p r o f i l e  f o r  wakes behind cones i n  
supe r son ic  flow can be  a c c u r a t e l y  r ep resen ted  by  
t h e  r e l a t i o n  

where V, is  t h e  wake v e l o c i t y  as yl+ 4 m , y 1  i s  
t h e  d i s t a n c e  perpendicular  t o  t h e  body axis ( s e e  
F igure  l ) ,  arid A and B are parameters depend- 
i n g  on t h e  primary body shape and a x i a l  p o s i t i o n  
r e l a t i v e  t o  t h e  wake. 

P-r H 
Const 

Distribut ion 

FIG. 1 Coordinate Systm and Freestreaw Properties 

Another v e l o c i t y  p r o f i l e  of t h e  form6 

- 
- a  2 1 f o r d  I yl> 1 

m 

was found t o  be r e p r e s e n t a t i v e  of t h e  v e l o c i t y  
p r o f i l e  i n  t h e  t u r b u l e n t  far-wake of t y p i c a l  
v e h i c l e s  a t  supe r son ic  speeds .  However, equa t ions  
(1) and (2) y i e l d  neg r ly  t h e  same p r o f i l e  when t h e  
parameters B and B a r e  a p p r o p r i a t e l y  r e l a t e d ,  

. 

and t h e  f i r s t  author’ found t h a t  equa t ions  (1) 
and (2) y i e lded  similar r e s u l t s  f o r  f l ow- f i e lds  
over wedges and cones. 

Although t h e  s ta t ic  p res su re  i n  t h e  wake is  
n e a r l y  c o n s t a n t ,  t h e  v e l o c i t y  v a r i a t i o n  causes  
o t h e r  f low f i e l d  p r o p e r t i e s  l i k e  Mach number (M ), 1 
d e n s i t y  (p ), and en t ropy  (S ) t o  b e  nonuniform. 

In p a r t i c u l a r ,  a s t r o n g  en t ropy  l a y e r  e x i s t s  which, 
i n  t u r n ,  pas ses  over  t h e  d e c e l e r a t o r  as i t  moves 
through t h e  wake. On t h e  o t h e r  hand, t h e  t o t a l  
en tha lpy  (H) may be  cons idered  t o  b e  approximately 
cons t an t  i n  t h e  wake6. 

1 1 

NeremO h a s  shown t h a t  t h e  tow c a b l e  changes 
t h e  v e l o c i t y  p r o f i l e s  near  t h e  a x i s  s i n c e  t h e r e  i s  
a v i scous  l a y e r  a s s o c i a t e d  wi th  t h e  c a b l e  i t s e l f .  
In a d d i t i o n ,  t h e  tow cab le  may cause  flow separa-  
t i o n  just upstream of t h e  nose of t h e  dece le r -  
a t o r s .  
p r e s e n t  a n a l y s i s  which is concerned wi th  t h e  
c a l c u l a t i o n  of f low f i e l d s  p a s t  d e c e l e r a t o r s  i m -  
mersed i n  wake-like nonuniform f r e e  s t reams.  

These e f f e c t s  are not  cons idered  i n  t h e  

S u l l i v a n ,  e t  a19, used a l i n e a r i z e d  method 
of c h a r a c t e r i s t i c s  t o  s o l v e  t h e  i n v i s c i d  f low-f ie ld  
p a s t  small-angle wedges wi th  a f ree-s t ream Mach- 
number p r o f i l e  similar t o  t h a t  approaching t h e  
f l a r e  on a cone-cyl inder - f la re  c o n f i g u r a t i o n .  
ever, t h i s  l i n e a r i z e d  s o l u t i o n  is l i m i t e d  t o  ve ry  
small wedge ang le s .  GeorgelO ob ta ined  l i n e a r i z e d  
p e r t u r b a t i o n  s o l u t i o n s  f o r  p l zne  and axisymmetric 
en t ropy  l a y e r s  over  sma l l  ang le  wedges and f l a r e s .  

How- 

In  a n  unpublished M. S. Thes i s ,  t h e  t h i r d  
au thor”  used t h e  f i r s t  approximation (one s t r i p )  
of Dorodnitsyn’s Method of I n t e g r a l  Re la t ions1  
t o  c a l c u l a t e  t h e  flow f i e l d  of t h e  nonuniform f r e e -  
stream given  by equa t ion  (1) p a s t  wedges and cones.  
Some of t h e s e  r e s u l t s  appear h e r e i n  f o r  comparison 
purposes.  I n  an  independent a n a l y s i s ,  Barteneu and 
Shirshou13 a l s o  used t h e  one - s t r ip  method of i n -  
t e g r a l  r e l a t i o n s  t o  c a l c u l a t e  nonuniform supe r son ic  
flows p a s t  po in t ed  bodies  of r evo lu t ion .  S ince  t h e  
f low f i e l d s  produced by nonuniform f ree-s t reams are 
h i g h l y  n o n l i n e a r ,  t h e  r e s u l t s  from t h e  method of 
i n t e g r a l  r e l a t i o n s  are ques t ionab le .  

Inoyue14 used a combined i n v e r s e  method - 
method of c h a r a c t e r i s t i c s  t o  c a l c u l a t e  t h e  i n v i s -  
c i d  flow f i e l d  p a s t  b l u n t  axisymmetric bodies  i n  a 
supe r son ic  s p h e r i c a l  source  flow. P a t t e r s o n  and 
L e w i s  l 5  used a somewhat similar approach t o  in- 
v e s t i g a t e  nonuniform hypersonic  f ree-s t reams about 
b l u n t  a x i s m . e t r i c  bod ie s .  However, t he  f r e e  
stream v e l o c i t y  p r o f i l e s  f o r  bo th  of t hese  ana lyses  
had t h e  maximum v e l o c i t y  a long  t h e  a x i s  of symme- 
t r y ,  and t h e  v e l o c i t y  decreased  i n  t h e  t r a n s v e r s e  
d i r e c t i o n .  
f e r e n t  from t h e  wake-like p r o f i l e s  cons idered  he re .  

These v e l o c i t y  p r o f i l e s  a r e  q u i t e  d i f -  

The p r e s e n t  paper a p p l i e s  t h e  method of char -  
a c t e r i s t i c s  t o  c a l c u l a t e  two-dimensional and 
axisymmetric f l o w - f i e l d s  p a s t  po in ted  bodies  i n  
nonuniform supe r son ic  f ree-s t reams.  Modif ica t ions  
are r e q u i r e d ,  however, t o  t h e  s t anda rd  method of 
c h a r a c t e r i s t i c s  t o  account f o r  t h e  nonuniform 
f ree-s t ream p r o p e r t i e s  a t  t h e  shock wave and t h e  
en t ropy  layer on t h e  s u r f a c e .  Free  s t reams wi th  
wake-like p r o f i l e s  g iven  by equa t ion  (1) a r e  used 

2 



f o r  a p e r f e c t  gas  (y = 1.4)  wi th  t h e  s t a t i c  pres -  
s u r e  and t o t a l  en tha lpy  c o n s t a n t  i n  t h e  f r e e  
stream. Laminar boundary-layer p r o p e r t i e s  are com- 
puted t o  check f o r  boundary-layer s e p a r a t i o n  and t o  
determine s k i n  f r i c t i o n  c o e f f i c i e n t s  and h e a t  
t r a n s f e r  r a t e s .  Approximate methods, based on tan-  
gent  cone and Newtonian impact t h e o r i e s ,  are de- 
veloped f o r  the  s u r f a c e  p r e s s u r e  c o e f f i c i e n t s .  Re- 
s u l t s  are presented  f o r  wedges i n  two-dimensional 
f ree-s t ream p r o f i l e s  and cones i n  axisymmetric 
f ree-s t ream p r o f i l e s .  

ANALYSIS 

Determinat ion of Free-Stream P r o p e r t i e s  

The nonuniform free-s t ream v e l o c i t y  p r o f i l e  
given by equat ion  (1) i s  used h e r e  w i t h  t h e  pa- 
rameters A and B h e l d  cons tan t .  S ince  t h e  
p r e s s u r e  and t o t a l  en tha lpy  are c o n s t a n t  i n  t h e  
f r e e  stream, t h e  a d i a b a t i c  energy equat ion  y i e l d s  

where aga in  t h e  s u b s c r i p t  1 r e f e r s  t o  c o n d i t i o n s  
a t  a p o s i t i o n  y = y1 i n  the free stream, and sub- 

s c r i p t  - r e f e r s  t o  c o n d i t i o n s  i n  the far f r e e -  
stream (y, + -). For a p e r f e c t  gas  the speed of 

sound is  simply 

ypm 
a12 = pl (4) 

Equations (3) and ( 4 )  may b e  combined t o  y i e l d  

and t h e  d e n s i t y  fo l lows  from equat ion  (3) as 

s1 Since 

reduces t o  

p1 = p, t h e  express ion  f o r  t h e  entropy 

(7) 

Equation (1) along wi th  equat ions  (5) through ( 7 )  
are s u f f i c i e n t  t o  determine t h e  nondimensional f r e e -  

, and - f o r  stream p r o p e r t i e s  - , M - 

any y1 p o s i t i o n  i n  t h e  free s t ream. 

I n v i s c i d  Flow-Field STlut ion 

S1-S- v1 

vm 1' p ,  cV 

f o r  t h e  i n v i s c i d  f low-f ie ld  s o l u t i o n ,  depending on 
whether t h e  shock wave is a t tached  or  not .  If i t  is 
assumed t h a t  M1 a t  y1 = 0 is l a r g e  enough s o  t h a t  

t h e  shock wave i s  a t t a c h e d  t o  t h e  body, then t h e  
most a c c u r a t e  and well-known method f o r  t h e  s o l u t i o n  
is t h e  method of  c h a r a c t e r i s t i c s .  This  is t h e  meth- 
od used h e r e .  

In o r d e r  t o  apply  t h e  method o f  c h a r a c t e r i s t i c s ,  
t h e  f low-f ie ld  p r o p e r t i e s  must be known along an 
i n i t i a l  d a t a  l i n e .  To determine t h i s  d a t a ,  a smal l  
r e g i o n  of t h e  f r e e  s t ream a t  t h e  nose, of  h e i g h t  y", 
i s  assumed t o  b e  uniform and have t h e  same proper-  
t ies  as those  a t  y1 = 0 ( s e e  F igure  2) .  

R / 
Uniform P1 / 

1st R i g h t  - +-' Characteristic 
rtial Data Line 

Fig. 2 C a l c u l a t i o n  of I n i t i a l  Data 

This means t h a t  t h e  s m a l l  r e g i o n  n e a r  t h e  nose 
bounded by t h e  shock wave from p o i n t  A t o  B i n  
F igure  2, by t h e  r igh t - running  c h a r a c t e r i s t i c  from 
B t o  C,  and by t h e  body from A t o  C is not  
a f f e c t e d  by t h e  nonuniform p a r t  of t h e  f r e e  stream, 
and hence t h e  u s u a l  f low-field p r o p e r t i e s  f o r  a cone 
(or wedge) e x i s t  i n  t h i s  reg ion .  I n  t h i s  manner 
the f low-f ie ld  p r o p e r t i e s  are determined along an 
i n i t i a l  d a t a  l i n e  cons t ruc ted  from p o i n t  B a t  the  
shock a long  a l i n e  normal t o  t h e  body. 

Due t o  t h e  small uniform flow reg ion  used a t  
t h e  nose, t h e  nonuniform free-s t ream v e l o c i t y  o r  
Mach number p r o f i l e s  given by equat ions  (1) 
and (2) are modif ied by r e p l a c i n g  y wi th  
(y, - y"). 
uniform reg ion  t o  t h e  nonuniform reg ion  occurs  
smoothly, and as 
a g a i n  assumes t h e  o r i g i n a l  nonuniform p r o f i l e .  From 
a p r a c t i c a l  s t a n d p o i n t ,  t h i s  means t h a t  once a 
s u f f i c i e n t l y  small v a l u e  of y" is a t t a i n e d  such 
t h a t  a f u r t h e r  decrease  i n  y* causes  no d i s c e r n i b l e  
change i n  t h e  downstream f low-field s o l u t i o n ,  t h e  
effect of  a f i n i t e  va lue  of y* is  n e g l i g i b l e .  

Then the t r a n s i t i o n  from' t h e  small 

y* + 0 t h e  free-s t ream p r o f i l e  

Since t h e  method of c h a r a c t e r i s t i c s  appears  i n  
Using many r e f e r e n c e s  i t  w i l l  not  b e  der ived  here .  

t h e  approach g iven  by Shapiro16,  t h e  c h a r a c t r r -  
istics l i n e s  are determined by  

wi th  c o m p a t i b i l i t y  c o n d i t i o n s  

There are several  methods which could bc used 
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where 0 is  t h e  s l o p e  of  t h e  l o c a l  v e l o c i t y  
v e c t o r ,  p is t h e  Mach angle ,  and j is zero  f o r  
two-dimensional f lows and u n i t y  f o r  axisymmetric 
flows. The s u b s c r i p t  I r e f e r s  t o  a r ight-run-  
n ing  c h a r a c t e r i s t i c  l i n e  and I1 r e f e r s  t o  a l e f t -  
running c h a r a c t e r i s t i c  l i n e .  The d e r i v a t i v e s  i n  
equat ions (8) and (9) are rep laced  w i t h  f i n i t e -  
d i f f e r e n c e  q u o t i e n t s ,  and t h e  s o l u t i o n  proceeds 
downstream of the i n i t i a l  d a t a  l i n e  i n  a manner 
similar t o  t h a t  d e s c r i b e d  by Shapiro16. 
modi f ica t ions  are r e q u i r e d  a t  t h e  shock wave and 
body, which are expla ined  below. 

Boundaries 

However, 

The boundaries  f o r  t h e  method of  charac te r -  
i s t ics  are t h e  body s u r f a c e  and t h e  shock wave. 
A mesh p o i n t  on the s u r f a c e  i s  l o c a t e d  by t h e  
s imultaneous s o l u t i o n  of  t h e  r ight-running 
c h a r a c t e r i s t i c  l i n e  (equat ion (8)) from a known 
mesh poin t  o f f  t h e  s u r f a c e  and t h e  equat ion  of t h e  
body yb = f ( x ) .  S ince  t h e  en t ropy  on t h e  s u r f a c e  

and t h e  flow i n c l i n a t i o n  a n g l e  6 are known, t h e  
v e l o c i t y  can b e  found from t h e  f i n i t e - d i f f e r e n c e  
form of equat ion  (9).  This is t h e  u s u a l  approach 
used i n  t h e  method of  characteristics; however, 
t h e  s t r o n g  entropy l a y e r  a d j a c e n t  t o  t h e  s u r f a c e  
i n  t h e  p r o b l e m  cons idered  h e r e  caused l a r g e  d i f -  
fe rences  t o  exist  f o r  some p r o p e r t i e s  between t h e  
s u r f a c e  and the n e x t  mesh p o i n t  o f f  t h e  sur face .  
When t h i s  occurs ,  l inear  and even q u a d r a t i c  in -  
t e r p o l a t i o n  of  p r o p e r t i e s  between t h e s e  two p o i n t s  
are n o t  adequate ,  and hence a d d i t i o n a l  mesh p o i n t s  
must b e  added t o  the c h a r a c t e r i s t i c  mesh near  t h e  
body sur face .  This  problem is d iscussed  more 
thoroughly i n  t h e  Resul t s  and Discussion Sect ion.  

C a l c u l a t i o n  of shock p o i n t s  r e q u i r e s  s p e c i a l  
a t t e n t i o n ,  and s i n c e  the method d i f f e r s  from t h e  
u s u a l  method of  c a l c u l a t i o n ,  i t  i s  d iscussed  i n  
d e t a i l  h e r e .  In  essence, c a l c u l a t i o n  of t h e  shock 
p o i n t  amounts t o  a double  i t e r a t i o n  f o r  t h e  non- 
uniform free-s t ream as opposed t o  a s i n g l e  i tera-  
t i o n  i n  t h e  uniform free-s t ream case. The f i r s t  
i t e r a t i o n  is performed as though t h e  f r e e  stream 
were uniform. That is t h e  shock wave is  f i r s t  
e x t r a p o l a t e d  u n t i l  i t  i n t e r s e c t s  t h e  le f t - running  
c h a r a c t e r i s t i c  drawn from p o i n t  B i n  F igure  3 .  
However, i n  o r d e r  t o  avoid the i n t e r s e c t i o n  from 
occuring too  f a r  downstream, a p o i n t  C is  
g e n e r a l l y  found by l i n e a r i l y  i n t e r p o l a t i n g  t h e  
p r o p e r t i e s  between p o i n t s  A and B. Then the 
le f t - running  c h a r a c t e r i s t i c  is drawn from p o i n t  C 
u n t i l  i t  i n t e r s e c t s  t h e  e x t r a p o l a t e d  shock wave a t  
p o i n t  D. Knowing the v a l u e  of y1 a t  p o i n t  D,  

t h e  f r e e  stream p r o p e r t i e s  can be  c a l c u l a t e d  from 
t h e  equat ions  d e r i v e d  above. Next, the v e l o c i t y  
V3, f low- inc l ina t ion  a n g l e  

j u s t  behind t h e  shock wave are c a l c u l a t e d  from t h e  
shock jump condi t ions .  Using e 3  and Sj and 

t h e  f i n i t e - d i f f e r e n c e  form of equat ion  ( l o ) ,  a new 
v e l o c i t y  j u s t  behind t h e  shock,  say  Vs, is cal- 

cu la ted  and compared wi th  V3. I f  Vs does not  

agree with V 3  w i t h i n  t h e  accuracy d e s i r e d ,  t h e  

v e l o c i t y  behind t h e  shock is g iven  t h e  va lue  

s3 03, and entropy 

I 

vj = (V3 + VS)/2 

.j1 and t h i s  v e l o c i t y  and t h e  free-s t ream v e l o c i t y  

a t  p o i n t  D are used t o  c a l c u l a t e  a new shock-wave 
a n g l e  6 ' .  Then t h e  remaining f low-f ie ld  p r o p e r t i e s  
are computed from t h e  shock jump condi t ions  cor- 
responding t o  6 '  and t h e  free-s t ream c o n d i t i o n s  a t  
p o i n t  D on F igure  3 .  This procedure is then  re- 

V3 and peated u n t i l  t h e  d e s i r e d  accuracy between 

V is obtained.  However, the new l o c a t i o n  of t h e  

shock p o i n t  is  p o i n t  E on Figure 3 ,  and unless 
p o i n t  E i s  very  c l o s e  t o  p o i n t  D t h e  f r e e -  
stream p r o p e r t i e s  a t  E are d i f f e r e n t  from those  
a t  p o i n t  D. 

char act  eris t i c 
From C 

,'- i 

New Shock 
P o i n t  

h a r a c t e r i s t i c  
From C A 

C 

F I G .  3 C a l c u l a t i o n  of Shock P o i n t  

For t h e  second p a r t  of t h e  i t e r a t i o n  scheme, i f  
p o i n t  E i s  n o t  s u f f i c i e n t l y  c l o s e  t o  p o i d t  D ,  new 
free-s t ream p r o p e r t i e s  a r e  computed a t  D u s i n g  
y1 = y3' i n  F i g u r e  3 .  The e n t i r e  i t e r a t i o n  scheme 

is then  repea ted  u n t i l  t h e  d e s i r e d  accuracy between 
p o i n t s  D and E i n  t h e  second p a r t  of the  i t e r -  
a t i o n  is  obta ined .  
scheme is r e q u i r e d ,  t h e  technique converges very  
r a p i d l y ,  and u s u a l l y  two o r  t h r e e  i t e r a t i o n s  g i v e  an  
accuracy w i t h i n  

Tangent Cone Approximation 

Although a double  i t e r a t i o n  

on v e l o c i t y  and shock l o c a t i o n .  

As noted by N e r e m *  t h e  tangent  cone approxi-  
mation17, modif ied f o r  t h e  nonuniform f r e e  stream, 
should provide  a reasonably accura te  pressure  d i s -  
t r i b u t i o n  f o r  po in ted  bodies  i n  supersonic  f lows.  
If Cp* is  def ined  as t h e  pressure  c o e f f i c i e n t  

based on l o c a l  f r e e  stream c o n d i t i o n s ,  

* Q - P ,  

1 2 
cp = - 

T QIV1 
(10) 

then  Cp* i n  t h e  tangent  cone approximation can be 

determined from Sim's cone fab les"  f o r  the  l o c a l  
v a l u e  of 6 and M1. Then t h e  p r e s s u r e  c o e f f i c i e n t  

based on f a r  free stream condi t ions  is 
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i 
Laminar Boundary Layer Computations 

As will be shown in the next section, wake- 
like velocity profiles produce adverse pressure 
gradients on the surfaces of wedges and cones. 
Therefore, solutions to the first-order laminar 
boundary layer equations were obtained, using the 
finite-difference method described by Blottner" , 
to check for possible boundary-layer separation 
and to determine skin friction coefficients and heat 
transfer rates. The fact that the pressure gradient 
normal to the surface of a wedge or cone is zero 
gives some justification for using the first-order 
boundary layer equations. All of the results were 
obtained for a perfect gas (y = 1.4) with a Prandtl 
number of 0.70 and using Sutherland's viscosity 
formula. The wall temperature has a significant 
effect on the separation point, but the Reynolds 
number does not affect separation. 

This technique can be used to determine Cp at 
each body position. 

Approximate Pressure Distribution from Newtonian 
Theory 

At hypersonic speeds the Newtonian impact 
theory" has been found to yield reasonably 
accurate pressure distributions. Unlike the 
tangent cone approximation, it may be used for 
blunted as well as pointed bodies. 
Theory gives 

The Newtonian 

* 2 
Cp = 2 sin 6 

and hence the pressure coefficient based on far 
free-stream properties is 

2 
C = 2 s i n 6  - P 2 

2 M1 

% 
Love'' has shown that a better approximation 

may be obtained by requiring the equation above 
to yield the correct value at the nose. 
sult here is 

The re- 

2 * sin26 M1 c P = c  - -- 2 'N sin26* M, 

where 
For blunt-nosed bodies sirdN = 1 and C * is the 

stagnation pressure coefficient based on free stream 
properties at yl = 0. In the case of pointed 
bodies with attached shock waves, C * is the 

wedge or cone Cp at the nose. 

the method o f  characteristics and tangent cone 
pressure distributions over wedges and cones. 
ever, it is more accurate for the blunt-nosed 
bodies than the pointed ones. 

N refers to conditions at the nose (yl = 0). 

pN 

* pN 

Equation (12) is used herein to compare with 

How- 

The Newtonian pressure drag-coefficient for 
the special case of a cone in the free-stream veloc- 
ity profile given by equation (1) is determined by 
integrating the pressure coefficient (equation (12)) 
as shown below: 

where 

RESULTS AND DISCUSSION 

In order to start the method of characteristics, 
the height of the uniform flow region 
above) and the flow-field properties along the 
initial data-line must be known. For a given value 
of 
from the shock jump conditions (for a wedge) or the 
cone solutionle. 

y* (discussed 

y * ,  the flow-field properties may be computed 

A numerical study was performed to determine 
the effect of y* on the solutions. For the free- 
stream velocity profiles given by equations (1) and 
(2), it was found that when R = 10 the solutions 
with y* = 0.01 and y* = 0.001 differed very 
little. However, significant differences were noted 
for the computational times since y* 
the height of the initial data line. Therefore, all 
the solutions presented here used B = 10 and 

establishes 

y* = 0.01. 

The number of points on the initial data line 
must be chosen large enough to insure that the size 
of the characteristic mesh remains sufficiently 
small downstream, yet small enough to keep the com- 
putational time from being excessive. 
of points on the initial data line varied from 4 to 
11 for the cases considered. As any of the param- 
eters 
ference between the body and the next mesh point off 
the surface increases, and the method of character- 
istics will not converge unles s  a finer mesh scale 
is used. The method of characteristics discussed 
previouslyhas V and S as dependent variables 
and uses linear interpolation between mesh points. 
Since the entropy variation is large in the problems 
considered here, several cases were also computed 

The number 

M,, A ,  or 6 are increased the entropy dif- 

Ae-BL 2 2  tan 6 Ae-BL 2 2  tan '-1-k)) 
') In ( A-l+k "1 + k ( k - 1 )  I n  ( A-1-k 

( 1 3 )  

L is the cone length, and C = 0 is used for 
the base of the cone. 

P 
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us ing  the  method of c h a r a c t e r i s t i c s  developed by 
Rakich2I,  which has  p and 0 as dependent 
v a r i a b l e s  and uses  q u a d r a t i c  i n t e r p o l a t i o n  near  t h e  
body. However, t h e  r e s u l t s  were very c l o s e  t o  
those  obta ined  h e r e ,  and t h a t  method a l s o  would not 
converge near  t h e  body un le s s  more mesh po in t s  a r e  
added. 

1.Or 
Y 

To i l l u s t r a t e  t h e  h igh ly  non l inea r  na tu re  of 
some f low-f ie ld  p r o p e r t i e s ,  F igure  4 shows t h e  Mach 
number, p re s su re ,  and d e n s i t y  p r o f i l e s  normal t o  a 
cone f o r  I%, = 8.5,  A = 0.091, and 6 = 20" a t  
t h r e e  streamwise p o s i t i o n s .  It is seen t h a t  t h e  
Mach number and d e n s i t y  p r o f i l e s  are reasonably 
l i n e a r  near  t h e  nose,  b u t  downstream these  p r o f i l e s  
become h igh ly  non l inea r .  This n o n l i n e a r i t y  is  en- 
compassed i n  an en t ropy  l a y e r  nea r  t h e  s u r f a c e  
which becomes p rogres s ive ly  th inne r  downstream u n t i l  
f i n a l l y  a s  x -+ an ent ropy  s i n g u l a r i t y  e x i s t s  on 
t h e  su r face .  On t h e  o t h e r  hand, F igure  4 shows 
t h a t  t h e  p re s su re  p r o f i l e  h a s  l i t t l e  v a r i a t i o n ,  
and i n  f a c t  t h e  p re s su re  g r a d i e n t  normal t o  t h e  
s u r f a c e  is zero.  

2.0' 

------ ----- ----__ 
.loo 
.075 

.05d I 

1 
0 - 2  -4.. - 6  - 8  1 .0  

Y-Yb - 
yS-yI, 

Fig. 4 P r o f i l e s  o f  Flow-Properties Normal 
t o  Cone.Mm=8.5,6=20,A=.09l 

Another problem which arises, p a r t i c u l a r l y  
f o r  t he  l a r g e r  va lues  of 6 and A,  i s  t h a t  near 
t he  body the  c h a r a c t e r i s t i c  mesh s i z e  tends t o  in-  
c r ease  i n  a d i r e c t i o n  normal t o  t h e  body, whereas 
near  t he  shock wave i t  inc reases  i n  a d i r e c t i o n  
p a r a l l e l  t o  the body (see F igure  5). The l o c a l  
Mach number exp la ins  why, because t h e  Mach number 
on the body is gene ra l ly  decreas ing  a s  x in- 
c r eases  uhich means t h e  Mach angle  is inc reas ing .  
Conversely, the Mach number j u s t  behind the  shock 
wave inc reases  a s  x inc reases  rqhich causes t h e  
s lope  of t he  Mach l i n e  t h e r e  t o  decrease .  These 
two problems can be so lved  by aga in  adding more 
mesh po in t s  t o  t h e  f low-f ie ld .  

X 

FIG. 5 Characteristics net for the flow over 
a Cone. b = 4 ;  6=30°; A=0.1. 

Severa l  flow f i e l d s  were computed f o r  wedges 
and cones t o  determine t h e  e f f e c t  of M, and the  

parameter A on t h e  s o l u t i o n .  The parameter B 
has  no e f f e c t  on t h e  f ree-s t ream nonuniformity 
o t h e r  than  t o  change t h e  scale i n  t h e  y - d i r e c t i o n ,  

so a v a l u e  of 10 w a s  used f o r  a l l  t h e  cases  he re in .  
This va lue  is completely a r b i t r a r y ,  however, s i n c e  
B always occurs  i n  t h e  product By1*, and a change 

i n  B i s  compensated by a change i n  y 

1 

1' 
Figure  6 shows t h e  nondimensional s u r f a c e  

p re s su re ,  s u r f a c e  Mach number, and shock wave shape 
f o r  a cone wi th  
of M,. Figure  7 g ives  t h e  nondimensional p re s su re  

and s u r f a c e  Mach number f o r  = 4 ,  6 = 20°,and 

s e v e r a l  v a l u e s  of A. I n  both  of t h e s e  cases  t h e  
shock-wave angle  B i n i t i a l l y  dec reases  a s  x 
inc reases  u n t i l  i t  reaches  a minimum va lue  and then  
inc reases  and a sympto t i ca l ly  approaches t h e  va lue  
one would c a l c u l a t e  f o r  a completely uniform f r e e -  
stream a t  t h a t  v a l u e  of M, . Although t h e  shock- 

wave shapes a r e  no t  shown f o r  t h e  cases  g iven  i n  
F igure  7 they  fo l low the  same gene ra l  t r ends  as 
t hose  i n  F igure  6. The nondimensional p re s su re  
inc reases  along t h e  su r faces  and approaches an 
asymptotic va lue  corresponding t o  t h a t  f o r  a com- 
p l e t e l y  uniform free-stream. It i s  not iced  t h a t  
as M, o r  A i n c r e a s e s  t h e  adverse  p re s su re  grad- 
i e n t s  i n c r e a s e  which may cause t h e  boundary layer  
t o  s e p a r a t e ;  t h i s  po in t  is d iscussed  l a t e r .  Since 
t h e  s u r f a c e  p r e s s u r e  inc reases  and t h e  s u r f a c e  
en t ropy  f o r  t he  i n v i s c i d  s o l u t i o n  is cons tan t ,  t he  
Mach number dec reases  a long  the s u r f a c e  u n t i l  i t  
too  approaches an asymptotic va lue .  However, t h i s  
asymptotic va lue  does not correspond t o  the  Mach 
number f o r  a completely uniform free-stream because 
t h e  s u r f a c e  en t ropy  i s  determined from the shock- 
wave angle  and free-stream p r o p e r t i e s  at  the  nose 
where y1 = 0. On the  o t h e r  hand, t he  c o r r e c t  

asymptotic va lue  of t h e  s u r f a c e  ?fach number can be 
c a l c u l a t e d  from the  asymptotic p re s su re  and the  
s u r f a c e  en t ropy;  t h e s e  Efach-number asymptotes a r e  
ind ica t ed  on the  f i g u r e s .  

6 = ZOO, A = 0.1 and s e v e r a l  va lues  

M, 

Figure  8 p r e s e n t s  t he  Mach number and non- 
dimensional p r e s s u r e  along the  s u r f a c e  of a 
f o r  M, = 4, A = 0.1, and var ious  wedge ang le s .  
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It  is i n t e r e s t i n g  t o  note  that t h e  s u r f a c e  Mach- 
number decreases  as 6 i n c r e a s e s ,  and f i n a l l y  
f o r  6 = 30" t h e  Mach number approaches u n i t y  a t  
x = 0.75. S ince  the method of  c h a r a c t e r i s t i c s  
cannot compute subsonic  f low-f ie lds ,  t h e  s o l u t i o n  
w a s  terminated a t  t h i s  p o i n t .  

3 . 0 k  

b 
2 . 5  

2.0 

0.20d 

30  
6' 

1.01 I . I s I 

.20 

'b 
- A = 0.05 

A = 0.10 
A = 0.15 

-_--- 
--e 

.IS 

.xo 

0 1  2 3 4  5 
X 

FIG. -7 Surface Mach Number and 
Pressure Distributions for 
a Cone. M,=4; 6=20°;  A=0.05 
0.10, 0.15. 

of f low-f ie ld  p r o p e r t i e s  normal t o  t h e  s u r f a c e  were 
-.Mm = 4 so nonl inear  that  the one-s t r ip  method of  i n t e g r a l  _--- M, = 6  r e l a t i o n s  would n o t  g i v e  adequate  r e s u l t s .  For 

.L = a example, cons ider  t h e  case of  a wedge wi th  21- = 10,  
6 = lo" ,  and A = 0.2.  The s u r f a c e  Mach number M, = 10 
went t o  u n i t y  f o r  t h e  method of i n t e g r a l  r e l a t i o n s ,  

--- ---- 

. 
1.0 \ I  1 I A 

2 3 4  5 
X 

Fig .  6 S u r f a c e  >fach Number and Pressure  
D i s t r i b u t i o n  and Shock Wave Shape 
For a Cone. E=20°, A= 0.10 

As an at tempt  to examine t h e  f low f i e l d  more 
c l o s e l y  i n  cases where the  i n v i s c i d  f low-f ie ld  
appeared t o  have embedded subsonic  r e g i o n s ,  t h e  
one-s t r ip  method of i n t e g r a l  r e l a t i o n s  was used 
s i n c e  i t  is a p p l i c a b l e  t o  both  subsonic  and super-  
s o n i c  reg ions .  However, i t  was found t h a t  f o r  t h e  
cases  i n  which t h e  method of  c h a r a c t e r i s t i c s  i n -  
d i c a t e d  a s u r f a c e  Mach number of one t h e  p r o f i l e s  

, 

0.10 
4 5 2 P  0 1  

Fig. 8. S u r f a c e  Mach Number and P r e s s u r e  
D i s t r i b u t i o n s  for Wedges. M, -4 4 :  
6 = 15'. 20".  25", 30"; A = 0.10 
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whereas t h e  r e s u 1 . t ~  from t h e  method of c h a r a c t e r -  
istics d i d  n o t .  On t h e  o t h e r  hand, f o r  a cone 
w i t h  Ela = 4 ,  6 = 15" ,  and A = 01, the s u r f a c e  

p r e s s u r e  and shock-wave shape compare w e l l  wi th  
t h e  method of c h a r a c t e r i s t i c s  , b u t  t h e  s u r f a c e  
Mach number compares poorly. However, t h i s  par-  
t i c u l a r  case produced n e a r l y  l i n e a r  p r o f i l e s  of 
p r o p e r t i e s  normal t o  t h e  s u r f a c e  i n  t h e  method of  
characteristics s o l u t i o n ,  and thus  one would expec t  
good r e s u l t s  f o r  t h e  s u r f a c e  p r e s s u r e  and shock- 
wave shape from t h e  method o f  i n t e g r a l  r e l a t i o n s .  
The Mach number p r e d i c t e d  on t h e  s u r f a c e  by the 
method of i n t e g r a l  r e l a t i o n s  should b e  d is regarded  
s i n c e  t h e  en t ropy  is  n o t  h e l d  c o n s t a n t  on t h e  
s u r f a c e  i n  t h a t  approach. 

The t h i r d  a u t h o r l l  found that by hold ing  
en t ropy  c o n s t a n t  on t h e  body (while  d i s r e g a r d i n g  
the streamwise momentum e q u a t i o n ) ,  the one-s t r ip  
method of i n t e g r a l  r e l a t i o n s  y i e l d e d  e n t i r e l y  d i f -  
f e r e n t  r e s u l t s  than  when t h e  streamwise momentum 
e q u a t i o n  w a s  used and t h e  en t ropy  on t h e  body 
al lowed t o  vary.  Comparing t h e s e  r e s u l t s  wi th  t h e  
p r e s e n t  method i n  F i g u r e  9 i t  is seen that  much 
b e t t e r  agreement i n  shock shape  and s u r f a c e  pres -  
s u r e  is  obtained i f  t h e  en t ropy  i s  allowed t o  v a r y  
on t h e  body; however, t h e  s u r f a c e  Mach number 
compares more favorably  wi th  the p r e s e n t  method i f  
t h e  entropy on the body i s  cons t ra ined  t o  b e  con- 
s t a n t .  

For  a l l  t h e  cases computed, t h e  computat ional  
t i m e  r e q u i r e d  by t h e  method of  c h a r a c t e r i s t i c s  was 
h i g h l y  dependent on t h e  number of  p o i n t s  on t h e  
i n i t i a l  d a t a  l i n e .  Typica l  cases w i t h  f o u r  p o i n t s  
on t h e  i n i t i a l  d a t a  l i n e  r e q u i r e d  less than  3 
minutes  on an IBM 7040 computer, whereas cases 
w i t h  e leven  p o i n t s  on t h e  i n i t i a l  d a t a  l i n e  re- 
q u i r e d  up t o  30 minutes .  
r e l a t i v e l y  slow and much f a s t e r  computat ional  
t i m e s  could b e  o b t a i n e d  wi th  t h e  newer models of  
computers. 

Now t o  show what a l a r g e  e f f e c t  t h e s e  non- 
uniform free-s t reams have on t h e  d r a g ,  and hence 
on t h e  d e c e l e r a t i o n  c a p a b i l i t i e s  of  a towed de- 
c e l e r a t o r ,  t h e  p r e s s u r e  d i s t r i b u t i o n  w a s  numerical- 
l y  i n t e g r a t e d  over  a cone o f  v a r i o u s  l e n g t h s .  I f  
t h e  base  p r e s s u r e  c o e f f i c i e n t  is assumed t o  b e  zero  
then t h e  p r e s s u r e  d r a g  - c o e f f i c i e n t  i s  

However t h i s  computer is 

L 
C xdx 

P 

where 2, is t h e  l e n g t h  o f  t h e  cone cons idered .  
F i g u r e  10 shows t h e  p r e s s u r e  d i s t r i b u t i o n  and t h e  
r e s u l t i n g  drag  c o e f f i c i e n t  ob ta ined  by  numer ica l ly  
i n t e g r a t i n g  t h e  above i n t e g r a l  by Simpson's r u l e  
for  Ma = 4.47, A = 0.1667, and 6 = 25", 27.5", 

30". 
f i c i e n t s  approach f o r  l a r g e  L are t h o s e  t h a t  
would be  obta ined  f o r  a cone i n  a uniform flow 
w i t h  t h e  f r e e s t r e a m  c o n d i t i o n s  be ing  t h o s e  of 
t h e  fa r - f rees t ream.  It i s  s e e n  t h a t  a d e t r i m e n t a l  
r e d u c t i o n  i n  drag by as much as 65% is encountered 
as a r e s u l t  o f  t h e  nonuniform f r e e s t r e a m  and hence 
must c e r t a i n l y  be accounted f o r  i n  any des ign  of a 
towed d e c e l e r a t o r .  

The asymptot ic  v a l u e s  t h a t  the d r a g  coef- 

Also  shown i n  F igure  10, f o r  comparison wi th  
t h e  method of c h p r a c t e r i s t i c s ,  are t h e  tangent  
cone and Newtonian approximations t o  t h e  p r e s s u r e  

3.at 
Value f C 4  

1 . L  ' I I ----- 
Value for  M, / ' 0.20- 

FIJ ----------- 

0.10- 

- Method .of 
C h a r a c t e r i s t i c s  -- lnteeraf Moth0 Relations Of 

Meth -- 
InteeraPdReofat ions  

(Entropy C o n s t a n t  on Body) 

Bo 3 4 h  

32 

24A i 2 3 4 5 
X 

FiR. 9 Surface Mach Number and 
P r e s s u r e  D i s t r i b u t i o n  and 
Shock Wave Shape for  a 
Wedge. M.,,=4; 6=15'; A = 0 . 1 .  

d i s t r i b u t i o n  and d r a g .  It is s e e n  t h a t  t h e  t a n g e n t  
cone approximation g i v e s  v e r y  a c c u r a t e  r e s u l t s .  
This i s  q u i t e  s i g n i f i c a n t  because one can compute 
the remaining s u r f a c e  p r o p e r t i e s  from t h e  p r e s s u r e  
and en t ropy  and hence o b t a i n  an a c c u r a t e  s o l u t i o n  
f o r  t h e s e  p r o p e r t i e s  wi th  a minimum of computat ions.  
Moreover, computa t iona l  t i m e  on t h e  computer is  
approximately t w o  p e r c e n t  o f  t h a t  f o r  a correspond-  
i n g  case u s i n g  t h e  method of  c h a r a c t e r i s t i c s .  A 
method such as t h i s  could b e  used very  e f f e c t i y e l y  
i n  a boundary l a y e r  program where t h e  i n v i s c i d  pres -  
s u r e  a long  the body is r e q u i r e d  t o  compute t h e  flow 
f i e l d  p r o p e r t i e s  i n  t h e  boundary l a y e r .  

On t h e  o t h e r  hand,  t h e  Newtonian approximations 
are n o t  as a c c u r a t e  as t h e  tangent  cone method f a r  
back on t h e  body. However, b e t t e r  r e s u l t s  could  be 
obta ined  by r e q u i r i n g  t h e  Newtonian p r e s s u r e  co- 
e f f i c i e n t  approach t h e  asymptot ic  v a l u e  f a r  back on 
t h e  body r a t h e r  than  t h a t  a t  t h e  nose.  T h i s  could 
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be  done by simply replac-ing C * i n  equat ion  (12)  

wi th  t h e  Cp i n  the f a r  f r e e s t r e a m .  
pN * 

I' - = = = I  ' = 

. . ~ . - . o I o  
e . .  . . . . . . . * 

. . . . a .  1 . 1  

0 1 2 3 4 5  

X 

Fig.  IO. Surface  P r e s s u r e  and 
Drag C o e f f i c i e n t  For 
Cones. M, = 4.47, A = 0.1667. 

F igure  11 shows the s u r f a c e  Mach number and 
The same ?hock wave shape f o r  the above case. 

genera l  t r e n d s  i n  t h e  Mach number and shock shape 
were obta ined  h e r e  by vary ing  t h e  cone h a l f  a n g l e ,  
6 ,  as w a s  found i n  F igures  6 and 7 where t h e  f r e e -  
stream Mach number, M,, 

parameter ,  A ,  were v a r i e d .  Note t h a t  t h e  Mach 
number goes t o  u n i t y  a t  x = 0.86 f o r  t h e  30" cone. 
Hence t h e  method o f  c h a r a c t e r i s t i c s  cannot  cont in-  
ue  beyond t h i s  p o i n t ,  b u t  t h e  tangent  cone and 
Newtonian methods can still  be  appl ied .  Also worth 
nfentioning is  t h e  f a c t  t h a t  a l though t h e  tangent  
cone approximation g i v e s  e x c e l l e n t  r e s u l t s  on t h e  
s u r f a c e  i t  can n o t  b e  used t o  compute t h e  remainder 
of t h e  flow f i e l d  and shock shape  whereas t h e  meth- 
od of  c h a r a c t e r i s t i c s  g i v e s  t h e  whole flow f i e l d  
s o l u t i o n .  

and v e l o c i t y  d e f e c t  

A s  mentioned p r e v i o u s l y ,  t h e  adverse  p r e s s u r e  
g r a d i e n t  on t h e  s u r f a c e  of wedges and cones may 
cause boundary-layer s e p a r a t i o n .  The laminar  
boundary-layer equat ions  were so lved  numerical ly  
f o r  s e v e r a l  c a s e s ,  u s i n g  t h e  method descr ibed  
previous ly ,  t o  i n v e s t i g a t e  t h i s  p o s s i b i l i t y .  For 
t h e s e  computations, t h e  u n i t s  on x and y would 
b e  f e e t  i f  t h e  u n i t s  on B were considered 

2 (ft)-1'2, because (By ) is  d imens ionless .  
t h e  cases presented  i n  F igure  8 f o r  wedges wi th  
M_ = 4, A = 0.1, and an a d i a b a t i c  w a l l .  
boundary l a y e r  f o r  t h e  t h i r t y  degree  wedge w a s  
found t o  s e p a r a t e  a t  x = 0.70, which is upstream 

Consider 

The 

1.8 

--- 6 * 27.5" 

1.4 

1.0 

45t 
8" 

0 1 2 

X 

Fig. 11. S u r f a c e  Mach Number and Shock 
Wave Shape For Cones. 
M, = 4.47; A = 0.1667 

of  t h e  p o i n t  where t h e  s u r f a c e  i n v i s c i d  Mach-number 
went t o  u n i t y  (x 3 0.75). On t h e  o t h e r  hand, t h e  
wedges f o r  
boundary-layer s e p a r a t i o n .  Another case of  a wedge 
w i t h  

w a l l  w a s  found t o  s e p a r a t e  a t  x = 1.14. I t  is  i m -  
p o r t a n t  t o  note t h a t  f o r  a l l  t h e  wedge s o l u t i o n s  i n  
which t h e  i n v i s c i d  s u r f a c e  Mach-number went t o  u n i t y ,  
t h e  boundary l a y e r  s e p a r a t e d  upstream of t h e  s o n i c  
p o i n t  f o r  t h e  a d i a b a t i c  w a l l  condi t ion .  This  means 
t h a t  t h e  i n v i s c i d  f low-f ie ld  computations should be  
d is regarded  downstream of t h i s  p o i n t  where separa-  
t i o n  occurs  a l though t h e  i n v i s c i d  s u r f a c e  Erach 
numbers has  n o t  reached u n i t y .  

6 = 15" and 20' d i d  n o t  exper ience  

M, = 10, 6 = 20°, A = 0.1, and an a d i a b a t i c  

Boundary l a y e r  p r o p e r t i e s  were a l s o  computed 
f o r  several cone cases. Figure 12  shows the  s k i n  
f r i c t i o n  c o e f f i c i e n t  f o r  t h e  same t h r e e  cone angles  
(6 = 25', 27.5", 30") presented  i n  Figure 11 and 
f o r  an a d i a b a t i c  w a l l .  Note t h a t  t h e  boundary 
l a y e r  no t  on ly  s e p a r a t e s  on t h e  30" cone (EL = 1 

a t  x = 0.86) b u t  on t h e  2 7 . 5 "  cone as w e l l ,  even 
though an i n v i s c i d  Mach number of u n i t y  was not  
reached on t h e  s u r f a c e .  This  v e r i f i e s  t h a t  one 
can indeed have boundary l a y e r  s e p a r a t i o n  i n  t h e s e  
nonuniform flow f i e l d s  without  the  i n v i s c i d  s u r f a c e  
Mach number going t o  one. 

In an e f f o r t  t o  determine what txffzct a non- 
a d i a b a t i c  wal l  would have on houndil rv laver 
s e p a r a t i o n ,  s o l u t i o n s  werc obta ined  f o r  ellc- 30" 
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6 = 25" -_- 6 = 27.5" 
---- 6 = 30" 

7 \\ Re/ f t  = 9.2 x 10 

\ \  

'L 

X 
Fig.  1 2 .  Skin F r i c t i o n  Coef f i c i en t  For 

Cones wi th  Adiaba t ic  Wall. 
M, = 4.47; A = 0.1667. 

1.00, 0.75, 0 . 5 0 ,  and 0.25 where cone wi th  - = 
TW 

TO 

Tw is t h e  w a l l  t empera ture  and To t h e  f r e e  

stream s tagna t ion  tempera ture .  
ca se  t h e  a d i a b a t i c  w a l l  corres.ponded t o  a va lue  

of 0.75 < 

In t h i s  p a r t i c u l a r  

T 
-E < 1.0 so t h a t  t h e  above f o u r  va lues  
TO 

TW 

To 2 

f o r  - r ep resen t s  success ive ly  co lde r  va lues  of 

t h e  w a l l  temperature.  F igure  13 p r e s e n t s  t h e  
h e a t  t r a n s f e r  a t  t h e  w a l l ,  

h e a t  t r a n s f e r  is  taken  t o  b e  i n t o  t h e  w a l l ,  and 
t h e  l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t ,  C f .  It i s  

seen t h a t  f o r  t h e  h o t  w a l l  (- = 1.0) and re- 

R,  where p o s i t i v e  

TW 

TO 

TW l a t i v e l y  cool  w a l l  (F = 0.75) t h e  boundary l a y e r  

s e p a r a t e s ,  whereas f o r  t h e  co ld  w a l l  (r = 0.5) 

and very  cold w a l l  ($ = 0.25) t h e  boundary l a y e r  

remains a t tached .  As might be  expected t h e  re- 
l a t i v e l y  ho t  wa l l  d i s s a p a t e s  h e a t  i n t o  t h e  f r e e -  
stream (% nega t ive )  whereas i n  t h e  o t h e r  t h r e e  

cases  ($ = 0 . 7 5 ,  0.5, and 0.25), t h e  w a l l  i s  

beinn hea ted .  Thus, h e r e ,  as i n  t h e  case  of a 

0 

Tw 

T 0 

0 

T 

0 '  

- 
wedge, t he  boundary l a y e r  
stream of the  po in t  where 
Mach number went t o  un i ty  
and a l s o  f o r  a r e l a t i v e l y  

is seen  t o  s e p a r a t e  up- 
t h e  i n v i s c i d  s u r f a c e  
f p r  an a d i a b a t i c  wall 
cool  wa l l .  

7 Re/ f t  = 9.2 x 10 

s e p a r a t i o n  
-0.4 

0 0.5 1.0 
X 

Fig .  13. Heat T r a n s f e r  and Skin  F r i c t i o n  
C o e f f i c i e n t  For a Cone. 
M, * 4.47; A a 0.1667, 6 = 30". 

CONCLUSIONS 

1. The method of c h a r a c t e r i s t i c s  can be used t o  
s o l v e  t h e  i n v i s c i d  f low-f ie ld  p a s t  po in ted  
bodies  w i t h  a t t ached  shock waves i n  non- 
uniform f ree-s t reams r e p r e s e n t a t i v e  of wakes. 
Modif ica t ions  a r e  r equ i r ed ,  however, a t  t h e  
shock wave t o  account f o r  t h e  nonuniform f r e e -  
s t ream and also near  t h e  body due t o  a s t r o n g  
en t ropy  l a y e r .  

2 .  Typica l  r e s u l t s  f o r  wedges and cones show t h a t  
t h e  shock-wave angle  dec reases  near  t h e  nose 
u n t i l  it reaches  a minimum v a l u e ,  then i t  in-  
creases and a sympto t i ca l ly  approaches t h e  
angle  cor responding  t o  a completely uniform 
f ree-s t ream.  An adverse  p r e s s u r e  g r a d i e n t  
occurs  a long  t h e  s u r f a c e  i n  t h e  nose r e g i o n ,  
a f t e r  which t h e  p re s su re  a sympto t i ca l ly  
approaches t h e  va lue  f o r  a uniform f ree-s t ream.  
The s u r f a c e  Mach number dec reases  and asymp- 
t o t i c a l l y  approaches a va lue  much lower than  
t h a t  of t h e  completely uniform f ree-s t ream.  

3 .  For some of t h e  i n v i s c i d  wedge and cone 
s o l u t i o n s  t h e  s u r f a c e  Mach number went t o  
un i ty .  
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4. Due to the adverse pressure gradient, the 
laminar boundary layer separated on several 
of the wedge and cone cases. 
all cases where the inviscid Mach number went 
to unity were found to experience boundary- 
layer separation upstream of that point if 
the wall was assumed to be either adiabatic 

or relatively cool (F = 0.75). 

In addition, 

TW 

0 

5. Compared with the method of characteristics, 
the one-strip method of integral relations 
yields accurate results for the shock shape 
and surface pressure for free streams with 
a weak nonuniformity. However, the surface 
Mach number is not accurate using that 
approach; and when highly nonuniform free- 
streams are used, all the flow-field properties 
are inaccurate. 

6. The tangent cone approximation gave excellent 
results for properties on the body and at a 
reduction in computational time of about 98% 
over the method of characteristics. 

7. An approximate equation for the pressure 
coefficients derived from Newtonian theory for 
nonuniform free-streams, was found to yield 
reasonably accurate results for wedges and 
cones. However, more accurate results could 
be obtained for blunt-nosed bodies. 

8. For cones used as decelerators, large drag re- 
ductions can be realized due to the wake-like 
nonuniform free-streams. 
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1. LIST OF SYMBOLS 

O'jk 

€jk 

"jk 

e 
jk 

f 

6 

P 

w 

t 

G 

K 

E 

\ V  

j 

jk 

G' , . ... 
G" , . . . 
GR 

KR 
g 

b 

stress tensor  

s t r a i n  tensor  

stress devia tor  tensor  

s t r a i n  devia tor  tensor  

displacement vec tor  

forc ing  func t ion  

Kronecker d e l t a  

dens i ty  

frequency 

t i m e  

complex shear  modulus 

complex bulk modulus 

complex t e n s i l e  modulus 

complex Poisson's r a t i o  

real p a r t  of G; ... 
imaginary p a r t  of G ,  ... 
stress re l axa t ion  modulus i n  shear  

stress re l axa t ion  modulus i n  bulk 

i n t e n s i t y  of t h e  re laxa t ion  spectrum f o r  shear 

i n t e n s i t y  of t h e  r e l axa t ion  spectrum f o r  bulk 

c 

- 

P, Q, P ' ,  Q' l i n e a r  t i m e  opera tors  

6 damping f a c t o r  

Re 

I m  

r ,  9, 

means t ake  real p a r t  of 

means take  imaginary p a r t  of 

r a d i a l ,  angular ,  and a x i a l  ' coordinates  of cy l inder ,  resp  . 
J 

. -1- 



-2- 

T 

x, Y7 

u u u  x *  y) 2 

K 

W 

'Q 
M 

U 

9 

A 

I 

torque 

' coordinates  of beam 

deformations of beam 

Timoshenko shear  coee f i c i en t  

average de f l ec t ion  of c ross  s e c t i o n  of beam 

t r ansve r se  shear  f o r c e  

moment 

displacement of c ross  sec t ion  i n  ax'ial d i r e c t i o n  

t o t a l  angle  of r o t a t i o n  of c ros s  s e c t i o n  

angle  of r o t a t i o n  of c ross  sec t ion  due t o  t r ansve r se  shear  

area of c ross  s e c t i o n  of beam 

moment of i n e r t i a  

a b a r  over a func t ion  i n d i c a t e s  a complex func t ion  of coordinates  

SubscriDts: 

i nd ices  f o r  rec tangular  Cartesian coordinates  

ind ices  f o r  c y l i n d r i c a l  coordinates  

means quan t i ty  is  f o r  f r e e  v i b r a t i o n  case 

ind ices  f o r  coordinates  of beam 
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11. SUMMARY 

The purpose of t h e  inves t iga t ion  was t o  study v ib ra t ions  of s t r u c t u r e s  

made of alternate l a y e r s  of elastic and v i s c o e l a s t i c  materials. 

have been taken by numerous researchers  t o  solve v ib ra t ions  of t h e  v i s c o e l a s t i c  

Many approaches 

materials, and t h e  var ious  approaches are discussed later i n  t h i s  r epor t .  Most 

authors  seem t o  p r e f e r  handling f r e e  v i b r a t i o n  r a t h e r  than forced v i b r a t i o n  of 

l o s sy  materials but t h e i r  methods have been found he re  t o  be approximately 

co r rec t  f o r  s m a l l  damping only.  The theory of forced v i b r a t i o n  is  v e r i f i e d  

here  and t h e  t o r s i o n a l  pendulum i s  solved using damped t r ave l ing  waves which 

gives  a phys ica l  p i c t u r e  of what is  occurr ing i n  t h e  bar .  I n  addi t ion  a study 

of shear deformation i s  made using t h e  recent  and very l u c i d  paper on t h e  

Timoshenko beam w r i t t e n  by Cowper [31]. 

. .  

. .  
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111. VIBRATIONS OF VISCOELASTIC MATERIAL 

A. In t roduct ion  

A v i s c o e l a s t i c  material converts mechanical energy of loading i n t o  hea t .  

Because of t h i s  property,  v i s c o e l a s t i c  l a y e r s  may be appl ied t o  e l a s t i c  l a y e r s  

t o  damp out  f r e e  v i b r a t i o n s  and t o  decrease t h e  amplitude of forced v ib ra t ions .  

Such mult i layered media have been analyzed i n  the  forms of beams, p l a t e s ,  and 

s h e l l s .  The v i s c o e l a s t i c  ma te r i a l  has  been t r e a t e d  by many i n v e s t i g a t o r s  by 

assuming t h a t  i t  obeys t h e  s t r e s s - s t r a i n  l a w s  of a spring-dashpot model [ 6 ] ,  

171, [8], [91, [lo], [ll]. But a f a i r l y  simple model descr ib ing  t h e  behavior 

of a real material g ives  good r e s u l t s  over only a narrow frequency range, and 

tak ing  a l a r g e r  number of spr ings  and dashpots becomes mathematically unwieldy. 

In  so lv ing  forced harmonic v ib ra t ions ,  some authors  such as Henry and Freudenthal 
- 

[ l2 ]  and Biot and Pohle[l3] under c e r t a i n  condi t ions c o r r e c t l y  s u b s t i t u t e  complex 

moduli f o r  t h e  elastic moduli i n  t h e  e l a s t i c  so lu t ion  and consequently so lve  t h e  

v i s c o e l a s t i c  problem of t h e  same shape and loading as t h e  e l a s t i c  problem. 

ever, most au thors  seem t o  p re fe r  t r e a t i n g  f r e e  v i b r a t i o n  1141, [ l5] ,  [16], 

How- 
- 

[17], [18], [19], r a t h e r  than forced v ib ra t ion .  The usua l  procedure f o r  f r e e  

v i b r a t i o n  i s  t o  select t h e  t i m e  dependence f o r  a l l  stresses and displacements 

as exp(iwt - 6t). 
t i o n  t o  a complex frequency i n  add i t ion  t o  changing t h e  elastic moduli t o  

complex values .  

damping only. 

This amounts t o  changing t h e  frequency w i n  t h e  e las t ic  solu- 

This  procedure seems t o  be  approximately co r rec t  f o r  small 

In at tempts  t o  s impl i fy  so lu t ions ,  authors  have made t h e  assumption t h a t  

t h e  material i s  v i s c o e l a s t i c  i n  shear  bu t  elastic i n  bulk [13], [24], o r ,  

a l t e r n a t e l y ,  t h e  shear  and bulk moduli have t h e  same phase angle  [ l3] ,  [ZS].  
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Experiments have shown that neither of these assumptions is accurate. Kolsky [26] 

and Lifshitz and Kolsky [29] have shown experimentally for three familiar polymers 

that the tangent of the phase angle of the bulk modulus should be taken as two- 

tenths of the phase angle of the shear modulus. 

that the material is incompressible [25], [27], [28]. 

Another common assumption is 

Investigators such as Lee [20], Hunter 1211, and Ward and Pinnock [22] who 

are interested primarily in the presentation of the theory of deformation of a 

three-dimensional linear viscoelastic body give only a one-dimensional theory 

for harmonic vibration. In reality, it appears that the three-dimensional 

vibration theory can be formulated by extending the one-dimensional case. The 

three-dimensional case appears in Bland's book [2], and is also presented here. 

. Governing Equations 

The material considered is assumed to be isotropic, homogeneous, and to 

obey the linear viscoelastic laws. The stress-strain laws in integral form 

where 

GR(t) and s(t) are the stress relaxation moduli in shear and bulk, respectively, 

g(.) and b(.r) are the intensities of the relaxation spectrums for shear and bulk, 

respectively, t .is the time, and (t - u) is the elapsed time.* 
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The differential forms of the stress-strain laws are [203 

where 

and a" D"= z w  
Also, s and e are the deviator tensors for stress and strain, respectively. 

j k  jk  
They are related to the stress and strain tensors by the following equations. 

The strain-displacement relations for infinitesimal strains are 

(4a) -- 

where the comma means partial differentiation with respect to the coordinates. 

The equations of motion are 

where f 

of traveling waves. In simplifying the governing equations, the following 

lema from Harrington [I] is needed. 

is the forcing function or, alternately, a function describing a source 
j 

iwt) If Re(AeiWt) = Re(Be where Re means to 

take the real part, and A and B are independent of time, then A = B. 

easily verified by letting t = 0 for which Re(A) = Re(B), and then letting ut.= %E 

for which Im(A) = Im(B)  where Im means to select the imaginary part. 

This is 

, 
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C. Forced Harmonic Vibrat ion 

0 

I f  a l i n e a r  v i s c o e l a s t i c  matergal experiences forced harmonic v i b r a t i o n  

f o r  a long enough t i m e ,  a s teady  s ta te  w i l l  e x i s t  i n  which t r a n s i e n t  e f f e c t s  

have died out  and t h e  stresses, s t r a i n s  and displacements vary harmonically 

i n  t i m e .  This statement has  been used by Bland [2] i n  formulating t h e  genera l  

three-dimensional equations of wave propagation i n  a l i n e a r  v i s c o e l a s t i c  media. 

To show t h e  v a l i d i t y  of t h e  statement and the re fo re  of Bland’s work, t h e  type 

of t r a n s i e n t  term involved i s  der ived i n  t h e  following ana lys i s  taken from 

Albrecht and Freudenthal [3] .  It is  assumed t h a t  t h e  body i s  a t  rest f o r  a l l  

negat ive t i m e ,  and t h a t  a shear ing s t r a i n  
lf 

is  imposed a t  zero t i m e  a t  some po in t  i n  t h e  material. The r e s u l t i n g  shear 

where 
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The q u a n t i t i e s  G' and G" are t h e  s torage  and loss  moduli i n  shear ,  respec t ive ly .  

The t h i r d  term of (7b) i s  nonharmonic and exponent ia l ly  damped i n  t i m e .  Denoting 

t h i s  t r a n s i e n t  term as f ( t )  where 

i t  is noted t h a t  f ( 0 )  = G" and f ( t )  approaches zero as t approaches i n f i n i t y .  

Therefore, a f t e r  a s u f f i c i e n t  length of t i m e  has  passed, (7b) may be  w r i t t e n  as 
\ 

Thus c12 and 0 1 2  

s ta te  conditfons are a t t a ined .  

may be  taken i n  t h e  following more convenient form a f t e r  steady 

g ives  t h e  previously defined s t r a i n .  Equations (10) = +yo where the  va lue  of - 
are t h e  type of d e f i n i t i o n s  used i n  t h e  equations of wave propagation and they 

are v a l i d  f o r  time l a r g e  enough. 

- .The forc ing  func t ion  f o r  t h e  case of s teady s ta te  forced v i b r a t i o n  may be  

considered as a source of t r a v e l i n g  waves of a s i n g l e  frequency equal t o  t h e  

frequency of t h e  forc ing  funct ion.  I n  t h e  following, t h e  governing equations 

f o r  motion i n  a l i n e a r  v i s c o e l a s t i c  medium are s impl i f ied  f o r  wave propagation 

and, i n  a la ter  sec t ion ,  it i s  shown how t r ave l ing  waves may be added toge ther  

t o  construct  so lu t ions  t o  forced v i b r a t i o n  problems. Following Bland [2] ,  t h e  

forc ing  func t ion  (or  source),  displacements, s t r a i n s ,  and stresses f o r  l i n e a r  

v i s c o e l a s t i c  media are taken i n  t h e  forms 
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where t h e  func t ions  having a ba r  are complex funct ions of t h e  coordinates  and 

are independent of time, Subs t i t u t ing  (12e) and (12f) i n t o  (3a) ,  

The d i f f e r e n t i a l  forms of t h e  s t r e s s - s t r a i n  l a w s  have been used here  because they 

are much s i m p l e r  when used with (12) than t h e  i n t e g r a l  forns.  Applying the. 

lemma and then d iv id ing  by t h e  series i n  p n '  

where 2G i s  def ined as t h e  quan t i ty  i n  bracke ts  i n  (13a). Also, 

The quant i ty  G i s  t h e  complex shear  modulus; i t s  components G' and G" are t h e  

same as those def ined by (8). Subs t i t u t ing  (12c) and (12d) i n t o  (3b) and pro- 

ceeding as before ,  t h e  complex equation governing t h e  d i l a t a t i o b  i s  obtained,  

where 

3 K  
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and 

K' and K" are the storage and loss moduli in bulk, respectively, for forced 

vibration. Applying the lemma and the definitions (12) ta .equations ( 4 ) ,  (5), 

and (6), the corresponding complex equations are obtained. 

Define 

z,= 3 K  --2G 

and - 

where 3 is the complex Poisson's ratio and E is the complex tensile modulus for 

- forced vibration. Equations (13) and (17).can be solved to give 

Substituting (20) and (21) into (22), 

- 3 -  
1 - 2 s  

Eqbation (23) may be solved for the complex strain. The result is 

Equations (18), (19), and (23) may be solved together to get the governing 

equation for the complex displacements. / 

(24) 

. 
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The forc ing  func t ion  may be  dropped from t h e  governing equation and applied 

ins tead  through the  boundary condi t ions.  I f  t h i s  i s  done, (25) becomes 

o r ,  i n  vec tor  no ta t ion ,  

f 
where e is  a u n i t  vec tor  i n  t h e  d i r e c t i o n  of t h e  coordinate  x , 

j j 

D. Free Vibrat ion 

An exact s o l u t i o n  t o  t he  equations of v i s c o e l a s t i c i t y  f o r  f r e e  v ib ra t ion  

appears t o  be much more d i f f i c u l t  t o  ob ta in  than fo r  forced v ib ra t ion .  The 

s tandard procedure i n  so lv ing  f r e e  v ib ra t ion  problems i n  v i s c o e l a s t i c i t y  i s . t o  

assume t h e  t i m e  dependence t o  be of t h e  form exp ( i w t  - 6 t )  which may a l s o  be 

w r i t t e n  as exp(i[w f i 6 1 t ) .  
_- 

This assumed t i m e  dependence can be imposed on t h e  

equations f o r  forced harmonic v i b r a t i o n  by s u b s t i t u t i n g  w + i i S  €or  w i n  t he  

governing equations.  However, t h i s  procedure results i n  a shear  modulus f o r  

f r e e  v ib ra t ion ,  G6, which is  d i f f e r e n t  from t h e  one f o r  forced v ib ra t ion ,  

is demonstrated i n  the  following example. It i s  assumed f i r s t  t h a t  a specimen 

This  

is forced t o  v i b r a t e  a t  a n a t u r a l  frequency u n t i l  a l l  t r a n s i e n t  e f f e c t s  have 

become neg l ig ib ly  s m a l l .  Then zero time is  taken as t h e  t i m e  when t h e  load is  

removed a f t e r  wh’ich t h e  specimen i s  allowed t o  v i b r a t e  f r e e l y .  The de f l ec t ion  

: . 
. .  
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r a i n  E- ,  i s  

. The corresponding stress may be found by s u b s t i t u t i n g  (2a) and (28) i n t o  (1). 

where 

A comparison of equations (8) wi th  (32) reveals t h a t  G may be obtained from 
, 

G6 i n  theory by s e t t i n g  6 equal  t o  zero i n  (32). But t he  shear  modulus is  a 

material property and i s  independent of  t h e  na tu re  of t h e  loading appl ied.  Thus 

the assumed t i m e  dependence f o r  f r e e  v i b r a t i o n  l eads  t o  t h e  erroneous conclusion 

t h a t  t h e  shear modulus for f r e e  v ib ra t ion  i s  d i f f e r e n t  from t h e  one for forced 

v ib ra t ion .  

may then be v a l i d  approximately f o r  damping small enough. 

However, when 6 is  s m a l l ,  G i s ' n e a r l y  equal t o  G ,  and exp(iwt - 6 t )  
, 6 .  

. .  
. .  . .  ., 

. .  . .  
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No exact solu-tions for free vibration of a viscoelastic specimen have been 

found in a search of the literature, and all efforts to find such a solution 

under this project have so far been fruitless. 

E. Circular Cylinder in Torsional Oscillation 

For forced torsional oscillations of a circular cylinder, all normal strains 

are zero in the usual circular cylindrical coordinates (r, 8 ,  z ) ,  Thus the 

dilatation vanishes, and (26) becomes 

Furthermore, only the angular displacement u 

Therefore, ( 3 3 )  reduces to 

has a value in this case, 8 

Equation ( 3 4 )  is known as a vector wave equation. Complex equations of this 

form occur in the study of electromagnetic wave propagation in lossy media[l]. 

Thus the well-developed electromagnetic wave theory mag be used as a guide in 

constructing solutions to ( 3 4 ) .  

Torsional waves in a circular cylinder travel in the axial, or z )  direction. 

A plane torsional wave traveling in the positive z direction is given by 

, 
where 

. In electromagnetic wave theory, k' is called the propagation constant, and k'l 

is known as the attenuation constant. These quantities have the same names in 

linear viscoelasticity even though they are in reality not constants, but 
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funct ions of frequency, The same wave as (35) t rave l ing  i n  t h e  negative z 

d i r e c t i o n  i s  expressed as 
* A  

Consider an i n f i n i t e l y  long c y l i n d r i c a l  b a r  with a source.af  p l u s  z t r a v e l i n g  

waves of t o r s i o n  located a t  a l a rge  negat ive value of z and an i d e n t i c a l  source 

of negative z t r a v e l i n g  waves located a t  a l a rge  p o s i t i v e  value of z .  The 

waves w i l l  i n t e r a c t  t o  produce a displacement-free sur face  a t  t h e  o r i g i n  when 

the  displacement i s  the  d i f fe rence  of (35) and ( 3 7 ) .  

For k" not equal t o  zero, t h e r e  are no o ther  displacement-free sur faces .  The 

complex stress a from (22) and (18) i s  ze 

Subs t i tu t ing  (38) i n t o  (39) 

(39) 

It can be shown with t h i s  equation t h a t  f o r  k" not  equal t o  zero,  t he re  are no 

sur faces  f r e e  of t h i s  stress, Subs t i tu t ing  ( 3 8 )  i n t o  (34 )  and simplifying, t he  

re la t ionship  f o r  V(r) is obtained. 
4 

. The so lu t ion  f o r  a = 0 is 
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For a s o l i d  b a r ,  B = 0, and 

Subs t i tu t ing  (45) i n t o  (38) 

For a'= 0, (42) gives 

The shear  modulus may be expressed i n  terms of i t s  magnitude, IC], and phase 

This can be used t o  so lve  f o r  k' and k" from (47). The r e s u l t  i s  

The shear  stress a 
and (22) expressed i n  c y l i n d r i c a l  coordinates  and solved wi th  (46) y i e l d  

must vanish on t h e  sur face  of t h e  bar.  Equations (18) re 

=a 
ze It can be  shown t h a t  a l l  stresses vanish except a 

Since (46) gives no displacement at  z = 0, i t  i s  a l s o  the so lu t ion  f o r  a 

semi- inf in i te  c i r c u l a r  b a r  b u i l t  i n  a t  z = 0 i f  t h e  por t ion  of t h e  b a r  along t h e  

negat ive z a x i s  is  discarded. The so lu t ion  may then be  in t e rp re t ed  phys ica l ly  

as a t r a i n  of waves emanating from a source a t  a l a r g e  value of p o s i t i v e  z and 

r e f l e c t i n g  from t h e  f ixed  end a t  t h e  o r ig in .  !J%e so lu t ion  fo: forced o s c i l l a t i o n  
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of a t o r s i o n a l  pendulum i n  terms of t h e  torque appl ied a t  one end may a l s o  be 

obtained from ( 4 6 ) .  A plane perpendicular  t o  t h e  z-axis i s  passed through t h e  

semi- inf in i te  bar  a t  z = L, and t h e  po r t ion  of t h e  b a r  beyond z = L i s  discarded. 

A forc ing  func t ion  placed a t  z = L exac t ly  dupl ica tes  t h e  stress d i s t r i b u t i o n  

occurr ing before  t h e  c u t  w a s  made. From (40 )  and ( 4 5 ) ,  t h i s  stress d i s t r i b u t i o n  is  

where a is t h e  r a d i u s  of t h e  cyl inder .  Subs t i tu t ing  ( 4 9 )  i n t o  (51) and solving - 

A 

f o r  t h e  constant  A, 

- --'I 

The de f l ec t ion  from ( 4 6 )  and ( 5 2 )  i s  

- -e 
(53) 

SlLnce t h e  d e f l e c t i o n  varies l i n e a r l y  wi th  r ,  i t  may b e  dupl icated experimentally 

by a t taching  a r i g i d  d i s k  t o  t h e  end a t  z = L and forc ing  t h e  d i sk  t o  o s c i l l a t e .  

F.or an elastic material, (53) becomes 

" ( 5 4 )  

The v i s c o e l a s t i c  d e f l e c t i o n  could have been obtained from t h e  elastic so lu t ion  

(54 )  by making k'and G complex. A t h i r d  technique i s  used by Berry [ 4 ]  who 
2 
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seems t o  be t h e  f i r s t  t o  have solved t o r s i o n a l  o s c i l l a t i o n  of a v i s c o e l a s t i c  

pendulum. 

func t ion  through t h e  boundary condi t ions.  

waves t o  cons t ruc t  a s o l u t i o n  is  t h a t  i t  g ives  a phys ica l  p i c t u r e  of what is  

occurr ing i n  t h e  bar .  

H e  used a separa t ion  of v a r i a b l e s  technique and appl ied t h e  forc ing  

The advantage of using t r a v e l i n g  
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I V .  SHEAR DEFORMATION OF A BEAM 

A. Basic Analysis 

I n  t h e  following, a s tudy i s  made of t h e  Timoshenko beam which includes 

t h e  e f f e c t s  of r o t a r y  i n e r t i a  and shear  deformation i n  t h e  governing equations.  

Shear deformation and r o t a r y  i n e r t i a  a l s o  occur i n  a s h e l l ,  bu t  a s tudy of 

t hese  e f f e c t s  i n  a beam gives  a l l  t h e  information necessary t o  understand t h e  

same e f f e c t s  i n  a s h e l l  and has  t h e  advantage of involving only one coordinate  

i n  t h e  governing equations.  

presented here  w i l l  b e  t o  v i b r a t i o n  of mult i layered s h e l l s .  

The u l t ima te  app l i ca t ion  of t h e  derived theory 

The i n i t i a l  ana lys i s  is  taken from Cowper's [31] de r iva t ion  of t h e  beam 

equat ions by i n t e g r a t i n g  t h e  equations of e l a s t i c i t y  over t h e  c ross  sec t ion  

of t h e  beam. The beam coordinates  x, y,  z have d i r e c t i o n s  as shown i n  f i g u r e  1. 

Figure 1 

The def l ec t ions  uz and ux i n  t h e  z and x d i r e c t i o n s ,  r e spec t ive ly ,  are w r i t t e n  as 

( 5 5 d  
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W i s  t h e  average de f l ec t ion  of t he  c ross  sec t ion  i n  t h e  z d i rec t ion ,  U is  t h e  

average displacement of t h e  c ross  sec t ion  i n  t h e  x d i r e c t i o n ,  @ is  t h e  average 

angle  of r o t a t i o n  of t h e  c ross  sec t ion  about t h e  n e u t r a l  a x i s ,  A i s  t h e  area of 

t h e  c ros s  sec t ion ,  and v and v are re s idua l s .  In t eg ra t ing  equat ions (55) 

over t h e  c ross  sec t ion  and applying equations (56) y i e l d s  

X Z 

The equations (55) are subs t i t u t ed  i n t o  t h e  following s t r e s s - s t r a i n  r e l a t i o n  

from e l a s t i c i t y .  

The r e s u l t  i s  

This i s  in t eg ra t ed  over t h e  c ross  sec t ion  t o  obta in  

Cowper assumes t h a t  t h e  d i s t r i b u t i o n  of t h e  r e s idua l ,  v 

is  t h e  same as t h e  d i s t r i b u t i o n  f o r  a s t a t i c  load on t h e  beam. This allows him 

f o r  a v i b r a t i n g  beam 
X, 

- Q 
t o  evaluate  t h e  l a s t  term i n  (60) as a constant  times t h e  f a c t o r  AG . After  per- 

forming t h e  in t eg ra t ion ,  (60) becomes 

where K is  c a l l e d  t h e  Timoshenko shear  coe f f i c i en t .  

vx i s  neglected i n  (60), t h e  r e s u l t  is 

It is e a s i l y  seen t h a t  i f  
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which i s  t h e  Sam2 as s e t t i n g  K equal  t o  un i ty  i n  (61). For elementary beam 

theory, t h e  shear deformation i s  neglected and (60) becomes 

Three o ther  equat ions der ived by Cowper are 

Fr,,, a@ = M 

where 

/tl rl GT 4 &2 is t h e  bending moment ac t ing  a t  a 

sec t ion ,  I is  t h e  moment of i n e r t i a  of t h e  c ross  sec t ion ,  p i s  the  t o t a l  fo rce  

ac t ing  i n  t h e  z d i r e c t i o n  on t h e  beam, E i s  t h e  t e n s i l e  modulus, and P i s  t h e  

densi ty .  

Q, M, and CP i n  (61) and (64). The d e f l e c t i o n  W may f u r t h e r  be w r i t t e n  as 

The governing equat ion on W can be  obtained by e l imina t ing  t h e  unkriowns 

where W i s  t h e  homogeneous so lu t ion  t o  t h e  governing equation on W, and W i s  
H P 

t h e  p a r t i c u l a r  so lu t ion .  Assuming a harmonic t i m e  dependence, t h e  equation 

governing W i s  H 
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A quan t i ty  which i s  needed later i s  4 which i s  t h e  r o t a t i o n  of t h e  c ros s  

sec t ion  due t o  t r ansve r se  shear .  Its re l a t ionsh ip  t o  previously def ined quan- 

t i t i es  i s  

aw 4.and 4 are p o s i t i v e  when measured counterclockwise, bu t  % i s  p o s i t i v e  when 

measured clockwise i n  t h e  coordinate  system used here.  Equations (66a) and (62) 

l ead  t o  

B. Segmented Normals 

The warped su r faces  of c e r t a i n  s t a t i c a l l y  loaded beams are known funct ions  

of t h e  beam coordinates ,  and Cowper assumed t h a t  these  sur faces  were t h e  same 

as t h e  warped su r faces  when a v ib ra to ry  load w a s  appl ied.  

t i o n  f o r  t h e  shear  c o e f f i c i e n t  as a func t ion  of Poisson's r a t i o .  For an e las t ic  

This l ed  t o  an equa- 

s h e l l ,  t h e  shear  c o e f f i c i e n t s  have been found by means of a f r e e  v ib ra t ion  

so lu t ion ,  bu t  t h i s  is not  p r a c t i c a l  a t  t h i s  t i m e  f o r  v i s c o e l a s t i c  materials s ince  

f r e e  v i b r a t i o n  of t hese  materials has  not  been s a t i s f a c t o r i l y  described 

mathematically as ye t .  

t i on  than u n i t y  f o r  t h e  shear  c o e f f i c i e n t  is  t o  d iv ide  t h e  normal i n t o  segments 

Another procedure which i n  e f f e c t  g ives  a b e t t e r  approxima- 

each of which can r o t a t e  independently of t h e  o ther  segments but  each of which 

remains s t r a i g h t  a f t e r  deformation. This  procedure i s . a p p l i e d  here  t o  the  

Timoshenko beam i n  order  t o  show t h e  kind of accuracy t h a t  may be expected from 

t h i s  method. 

The s o l i d  beam i s  f i r s t  divided i n t o  t h r e e  l a y e r s  of equal thicknesses  as 

shown in f i g u r e  2 f o r  t h e  purpose of ass igning a number t o  each of t h e  segments 

.. . .  



-22- 

l 0 I 

Figure 2 

of t h e  normal. 

and t h e  same v a r i a b l e  without a subsc r ip t  i nd ica t e s  a quant i ty  which descr ibes  

t h e  beam a s  a - s i n g l e  u n i t .  

A subsc r ip t  on a v a r i a b l e  w i l l  r e f e r  t o  t h e  corresponding i a y e r ,  

The d e f l e c t i o n s  w i l l  be taken as follows: 

, 
U1, U2, and U are shown i n  f i g u r e  3. 3 
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k 

h deformed sur face  

Figure 3 

Equation (58) in t eg ra t ed  over each l a y e r  y i e l d s  t h e  following th ree  equations.  

where 

t A, = A; = P, = F A  

. .  
. .  . ,  
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Also, the following assumption i s  made. 

m, = g3 
which l e a d s  t o  

The r e s u l t  of adding t h e  equations (68) and applying (69) and (70) i s  

The t h r e e  following equat ions are der ived s imi l a r ly .  

The fou r  equat ions (71) invo lve . the  f i v e  unknowns @ G2, W, Q, and M. Thus 1’ 
another  r e l a t i o n s h i p  between these  va r i ab le s  must be  found. 

From ( 6 6 ) ,  ( 6 8 ) ,  and (69b), 

and 344 4 =  

. .  
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Also, (70) and ( 6 8 )  y i e l d  4, = 4,. 

t h e  segments of normal due t o  t r ansve r se  shear .  A r e l a t i o n s h i p  between 4 and 

The angles  4, and 42 are t h e  r o t a t i o n s  of 

1 
+2 can be  chosen t o  make t h e  shear ing stresses have t h e  best f i t  t o  a parabol ic  

d i s t r i b u t i o n  i n  t h e  z-direct ion.  

parabol ic  d i s t r i b u t i o n  f o r  B . The co r rec t  r e s u l t  is  

This is  accomplished by f i r s t  wr i t i ng  a 

xz 

Next, t h e  average of 0 is  taken over each l aye r .  xz 

The f i n a l  r e s u l t  of eva lua t ing  equat ions (75) and using (73) i s  

The func t ions  #1, +2, (P1, (P2, M, and Q may be el iminated from equat ions (71), (72), 

and (76) r e s u l t i n g  i n  t h e  governing equat ion on W. The r e s u l t  f o r  W assuming a 

harmonic t i m e  dependence i s  

H 

This  i s  the same equat ion as (65) with K taking the va lue  

”’ (77) 

. -  
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f o r  t h ree  segments of normal. Cowper's va lue  f o r  K which allows t h e  normal t o  

. warp is  ( fo r  a rec tangular  beam) 

where.v i s  Poisson's r a t i o .  (79a) gives  

pc == 0,733 + O f  z , = o  

x =  0.85-7 fo-r d = o . s  

For a s i n g l e  s t r a i g h t  normal with warping neglected,  

(80) -- 

A comparison of (781, (79) and (80) reveals t h a t  dividing t h e  normal i n t o  t h r e e  

segments decreases by more than 50% t h e  d i f f e rence  between t h e  shear  coe f f i c i en t  

f o r  a s i n g l e  s t r a i g h t  normal with no warpage and t h e  b e s t  known va lue  of t h e  

shear  coe f f i c i en t  as determined by Cowper. 

t h r e e  segments should improve t h e  accuracy fu r the r .  A s  mentioned previously,  

Dividing t h e  normal i n t o  more than 

the purpose of applying t h i s  ana lys i s  t o  a beam w a s  t o  eva lua te  t h e  accuracy of 

t h e  method before  applying i t  t o  a s h e l l .  

, 

J 



-27- 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Harrington, R. F., Time-Harmonic Electromagnetic F i e l d s ,  M c G r a w - H i l l ,  
New York, 1961 

Bland, D. R.,  The Theory of Linear  V i s c o e l a s t i c i t y ,  Pergamon Pres s ,  
London, 1960 

Albrecht, B., and Freudenthal, A. M. ,  "Second-Order Visco-Elasticity i n  
. a F i l l e d  Elastomer:::' I n t e r n a t i o n a l  Journal  of So l ids  and S t ruc tu res ,  

V O ~ .  2, NO. 4, O c t .  1966, pp. 555-571 

Berry, D. S . ,  "Stress  Propagation i n  Visco-Elastic Bodies,'" Journal  of t h e  
Mechanics and Physics of So l ids ,  Vol. 6 ,  1958, pp. 177-185 

Staverman, A. J. , and Schwarzl, F. , "Linear Deformation Behaviour of High 
Polymers;" chapter  one of D i e  Physfk de r  Hochpolymeren, e d i t e d  by 
H. A. S t u a r t ,  Springer,  Berl in ,  1956 

Achenbach, J. D., and Chao, C. C. ,  "A Three-Parameter V i scoe la s t i c  Model 
P a r t i c u l a r l y  Sui ted f o r  Dynamic Problems;" Jou rna l  of t h e  Mechanics 
and Physics of Sol ids ,  Vol. 10, 1962, pp. 245-252 

Maybee, J. S . ,  "Normal. and Quasi-Normal Modes i n  Damped Linear Dynanic - 
Systems;'.' Jou rna l  of Applied Mechanics, Vol. 33; No. 2, June 1966, 
pp. 413-416 

Newman, J. K. ,  "Viscous Damping i n  F lexura l  Vibrat ions of Bars;" Journal  
of Applied Mechanics, Vol. 26, No. 3 ,  Sept. 1959, pp. 367-376 

W i l l i a m s ,  M. L. ,  "S t ruc tu ra l  Analysis of Viscoe las t ic  Materials,',' - -  AIAA 
Journal ,  Vol. 2, No. 5, May 1964, pp. 785-808 

E l l e r ,  S. A., and Cohen, L., " Invest igat ion of t h e  Vibrat ion Damping 
P rope r t i e s  of Viscoe las t ic  Materials Using a Delay Angle Technique," 
Shock and Vibrat ion Bu l l e t in ,  No. 35, P a r t  5, Feb. 1966, The Shock and 
Vibration Information Center, U. S. Naval Research Lab, Washington, 
D. C., pp. 159-168 

Pan, H. H., "Vibration of Vi scoe la s t i c  P la t e s , "  Jou rna l  de Mecanique, Vol. 5, 
No. 3, Sept. 1966, pp. 355-374 

Henry, L. A . ,  and Freudenthal, A. M. ,  "Standing Waves i n  a Vi scoe la s t i c  
Cylinder Case Bonded t o  a Thin Shel l ,"  AIAA Journal ,  Vol. 4 ,  No. 2 ,  
Feb. 1966, pp. 313-319 

Biot ,  M. A., and Pohle, F. V. ,  "Validity of Thin-Plate Theory i n  Dynamic 
Vi scoe la s t i c i ty , "  Journal  of t h e  Acoustical  Society of Americs., Vol. 36, 
No. 6, June 1964, pp. 1110-1117 



-28- 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 
1 

25. 

Parke, S . ,  "Logarithmic Decrements a t  High Damping," B r i t i s h  Jou rna l  of 
Applied Physics,  Vol. 17, No. 2, pp. 271-273 

Jones, I. W., Salerno, V. L. ,  and Savacchio, A., "An Analyt ical  and 
Experimental Evaluation of t h e  Damping Capacity of Sandwich B e a m s  with 
Viscoe las t ic  Cores," Trans. ASME, S e r i e s  B y  Vol. 89, No. 3, Aug. 1967, 
pp. 438-444, Jou rna l  of Engineering f o r  I n d u s t r y -  

Yu, Y.-Y., "Damping of F lexura l  Vibrat ions of Sandwich P la t e s , "  Journal  of 
. Aerospace Sciences, Vol. 29, No. 7, J u l y  1962, pp. 790-803 

DiTaranto, R. A . ,  "Theory of Vibratory Bending f o r  Elastic and Vi scoe la s t i c  
Layered Finite-Length Beams,"  Journal  of Applied Mechanics, Vol. 32, 
No. 4 ,  Dec. 1965, pp. 881-886 

11 DiTaranto, R. A . ,  and Blasingame, W.,  Composite Damping of Vibrating 
Sandwich B e a m s , "  Journal  of Engineering f o r  Industry,  Trans. ASME, 
S e r i e s  B y  Vol. 89, No. 4, Nov. 1967, pp. 633-638 

NichoZas;T., and Heller, R. A . ,  "Determination of t h e  Complex Shear Modulus 
of a F i l l e d  Elastomer from a Vibrating Sandwich Beam," Experimental 
Mechanics, J. SOC. Exp. Stress Analysis, Vol. 7,  No. 3,  March 1967, 
pp. 110-116 

Lee ,  E. H., "Viscoelast ic  S t r e s s  Analysis," S t r u c t u r a l  Mechanics, Proc. 
F i r s t  Symposium Naval S t r u c t u r a l  Mechanics, Stanford U. , C i l i f .  , 1958, 
e d i t e d  by J. N. Goodier and N. J. Hoff, Pergamon Pres s ,  New York, 
1960, pp. 456-482 

Hunter, S. C., "The Solut ion of Boundary Value Problems i n  Linear  Visco- 
e l a s t i c i t y , "  Mechanics and Chemistry of So l id  P rope l l an t s ,  Proc. 
Fourth Symposium Naval Structural .  Mechanics, Apr i l  1965, ed i t ed  by 
A. C. Eringen, e t  al . ,  Pergamon Press ,  New York, 1967, pp. 257-295 

Ward, I. M., and Pinnock, P. R., "The Mechanical P rope r t i e s  of Sol id  
Polymers," B r i t i s h  Journal  of Applied Physics,  Vol. 17,  No. 1, 
Jan. 1966, pp. 3-32 

Love, A. E. H. ,  A Treatise on the Mathematical Theory of E l a s t i c i t y ,  Dover, 
New York, 1944 

Lockett, F. J., " In te rpre ta t ion  of Mathematical Solut ions i n  V i s c o e l a s t i c i t y  
Theory I l l u s t r a t e d  by a D y n a m i c  Spherical  Cavity Problem," Journal  of 
t h e  Mechanics and Physics of So l ids ,  Vol. 9,  1961, pp. 215-229 

Pan, H. H,, "Vibration of a V i s c o e l a s t i c  Tintoshenko Beam," Journal  of t h e  
Engineering Mechanics Division, Proc. ASCE, Vol. 92, No. EM 2, Apr i l  
1966, pp. 213-234 

26. Kolsky, H., "Experimental Studies  
F i f t h  U. S. N a t .  Congress of 

i n  S t r e s s  Wave Propagation," Proc. of t h e  
Applied Mechanics, 1966, pp. 21-36 

* 



-29- 

27. Achenbach, J. D.,  "Dynamic Response of a Long Viscoe las t ic  Cylinder," 
AIAA Journal ,  Vol. 3, Apr i l  1965, pp. 673-677 

28. Pilkey, W. D . ,  "Vibrations of a Vi scoe la s t i c  Timoshenko Beam," Journal  of 
t h e  Engineering Mechanics Division, Proc. ASCE, Vol. 92, EM 6,  
Dee. 1966, pp. 254-257 

I .  

29. L i f s h i t z ,  J. M . ,  and Kolsky, H . ,  "The Propagation of Spherical ly  Divergent 
S t r e s s  Pulses  i n  Linear Viscoe las t ic  So l ids ,  Journal  of t h e  Mechanics 
and Physics of Sol ids ,  Vol. 13, No. 6,  Dec. 1965, pp. 361-376 

30. Sokolnikoff, I. S.,  Mathematical Theory of E l a s t i c i t y ,  McGraw-Hi l l ,  New 
York, 1956 

31. Cowper, G. R., "The Shear Coeff ic ient  i n  Timoshenko's Beam Theory," 
Journal  of Applied Mechanics, Vol. 33, June 1966, pp. 335-340 



d 

- 7  T 

FINAL REPORT 

to the 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

in  connection with 

NASA Grant NGR 47-004-006 

Part 4 of 21 Parts 

Final Report 
VPI&SU Project 313241 

Preparation of Glass-Ceramic Composites 
by Controlled Crystallization Techniques 

J.  J .  Brown, Jr. 
Metals & Ceramics Engineering 

Virginia Polytechnic Institute & State University 
Blacksburg, Virginia 

December, 1970 



PREPARATION OF GLASS-CERAMIC COMPOSITES 
BY CONTROLLED CRYSTALLIZATION TECHNIQUES 

ABSTRACT 

A method of strengthening g l a s s  by l i q u i d  phase separat ion i s  

presented using t h e  L i  O-Ti02-Si0 The t r ansve r se  2 2 

bending s t r eng th  of annealed bulk g l a s ses  prepared on the 70 weight % 

Si0  i sop le th  increases from 18,320 t o  30,775 p s i  as phase separat ion 

develops. This e f f e c t  i s  observed p r i o r  t o  loss of transparency of t h e  

composite. Glasses once strengthened by l i q u i d  immiscibi l i ty  formation 

are successful ly  strengthened s t i l l  f u r t h e r  by conventional ch i1  t em-  

pering. The experimental r e s u l t s  are presented and discussed and an 

explanation of  t h e  combined strengthening e f f e c t  i s  offered.  

system as an example. 

2 

This paper w a s  presented before  t h e  Glass Division a t  t h e  72nd 

Annual Meeting of t h e  American Ceramic Society,  Philadelphia,  Pennsylvania 

May 6 ,  1970. 



I. Introduct ion 

Liquid ininirisci.biI.ity i s  a phenollienon t h a t  e x i s t s  s t a b l y  i n  many molten 

ceramic systems. It has been inves t iga t ed  'in considerable depth from both 

experimental and t h e o r e t i c a l  s tandpoints ,  It  is, however, very s u r p r i s i n g  

t h a t  so few p r a c t i c a l  engineering appl icat ions have been developed which 

make use of l i q u i d  phnsc sepa-ration i n  oxide systems. 

used as an intermediate s t e p  i n  the  manufacture of high s i l i c a  g l a s s  (Vycor- 

brand)") and as a source of opaque 

t o  o f f e r  a very convenient approach t o  the  preparat ion of glass-in-gl-ass, 

crystal-in-glass , and even crystal- in-crystal  composites. O f  s p e c i a l  

i n t e r e s t  i n  t he  present  p a p e r  i s  s t rengthening provided by properly prepared 

glass-in-glass composites. When the d i spe r se  phase i s  discontinuous and the  

ind iv idua l  d rop le t s  are too  s m a l l  t o  sca t te r  v i s i b l e  electromagnetic radl-  

a t i o n ,  the  approach seems' t o  be a p o t e n t i a l l y  u s e f u l  method of s t rengthening 

some gl-asses while r e t a i n i n g  vis ibl-e  transparency. Moreover, i t  i s  of 

i n t e r e s t  t o  consider the  p o s s i b i l i t y  of using l i q u i d  immiscibi l i ty  s t rength-  

ening i n  combination with o the r  conventional s t rengthening techniques. 

It  i s ,  f o r  example, 

Liquid immiscibi l i ty  appears 

11. Mechanical Strength of Glass 

Most bulk commercial g l a s ses  i n  t h e  "as-formed" condition possess 

nominal t ransverse bending s t r eng ths  of 10,000 t o  15,000 p s i .  This s t r e n g t h  

l e v e l  can be increased t o  perhaps 30,000 psi. by c h i l l  tempering. With 

s p e c i a l  chemical and/or physical  treatments some g la s ses  can be strengthened 

up t o  400,000 p s i .  Even t h i s  value,  however, i s  f a r  s h o r t  of the  typ ica l  

- 2 -  
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This t h e o r e t i c a l  l i m i t  I which can be calculated by using a tomis t i c  consider- 

a t ions  has been approached experimentally by preparing and t e s t i n g  t h i n  

g l a s s  f i b e r s  uucler ca re fu l ly  con t ro l l ed  laboratory conditions e 

Although many f a c t o r s  are responsible  f o r  reducing the  a c t u a l  s t r e n g t h  

of glasses t o  values s o  f a r  below t h e i r  t h e o r e t i c a l  limit, one of t h e  most 

important i s  the  e f f e c t  of su r f ace  flaws., These can range from the  sub- 

microscopic G r i f f i t h  f laws(3)  t o  major su r face  abrasions such as would b e  

encountered i n  rough handling. 

111. Methods of Strengthening Glass 

It is  poss ib l e  t o  s t rengthen glass  by r q i d  quenching. Bas i ca l ly  

t h i s  procedure sets up a system of high compressive s t r e s s e s  on the  su r face  

with a corresponding set  of t e n s i l e  stresses i n  t h e  i n t e r i o r  of t h e  g lass .  

This system w i l l  provide high s t r eng th  as long as t h e  compressive l a y e r  i s  

n o t  pierced. This concept forms the  b a s i s  f o r  c h i l l  tempering, probably the  

most widely used g l a s s  s t rengthening process i n  commercial use a t  t h i s  t i m e .  

mere are s e v e r a l  s e r ious  handicaps a s soc ia t ed  with t h i s  s t rengthening mec- 

hanism. It is ,  f o r  example, sometimes d i f f i c u l t  t o  ge t  rniform stress 

d i s t r i b u t i o n  e spec ia l ly  i f  the  article. has a complex shape. Sharp r een t r an t  

angles are v i r t u d l y  impossible t o  t emper .  Because the  r e s u l t a n t  stress 

system i s  dependent on thernial expansion, f o r  each desired s t rengthening 

l e v e l  there  e x i s t s  a d e f i n i t e  minimum thickness required before  strengttien- 

i n g  can be achieved, 
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There a r e  a number of techniques iiivolving che.niical methods of 

s t rengthening g l a s s .  

g lass  o r  glass-ceramic has  a lower thermal expansion c o e f f i c i e n t  than the  

i n t e r i o r .  The composite may cons i s t  OF two d i f f e r e n t  glasses  o r  only one 

parent  g l a s s  whose ou te r  l a y e r  has  been changed by ion exchange and/or 

su r face  c r y s t a l l i z a t i o n .  

A composite material  may be formed i n  which the ou te r  

( 4 )  

Nordberg _. e t  -I a3..(5) descr ibe a method of s t rengthening a t  low 

temperatures which in.volves ion  exchange. By replacing a small ca t ion  

(viz. N a  ) by a l a r g e r  cat ion (viz. K ) i n  the  su r face  of a g l a s s ,  high 

surface compressive stress develops wi th  consequent strengthening. 

f + 

Because most of t h e  present  techniques use a compressive su r face  

l a y e r  t o  provide the  s t rengthening e f f e c t  i n  g l a s ses ,  i t  is  easy t o  see why 

once t h i s  su r f ace  l a y e r  i s  penetrated,  the  s t r e n g t h  of t he  g l a s s  decreases 

t o  i t s  nominal l e v e l ,  By using a l i q u i d  immiscibi l i ty  approach i t  would 

seem reasonable t o  expect these compressive stresses t o  b e  d i s t r i b u t e d  

throughout the matrix phase and t h a t  a compressive su r face  l aye r  would n o t  

be a c r i t i c a l  f a c t o r  i n  con t ro l l i ng  the  s t r eng th  of the  g lass .  

None of t he  current  s t rengthening techniques appears t o  take  advantage 

of phase separat ion.  It is  w e l l  known t h a t  l i q u i d  immiscibi l i ty  e x i s t s  i n  

equilibrium i n  many oxide m e l t s  and t h a t  the  phase separat ion can be r e t a ined  

i n  the  glassy s ta te .  It is a l s o  known t h a t  one way t o  s t rengthen g l a s s  is  

t o  incorporate  a second ‘high expanding (contract ing)  discontinuous disperse  

phase i n  the  matrix g lass .  The r e s u l t i n g  s t r e s s e s  developed by the mis- 

match i n  t h e r m 1  expansion cocf f i c i e n t s  can provide a significavit  degree of 

s t  r?t~;,t.L~~l~i;:;. 
3 
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It i s  u ! i l i l t e ly  t h a t  l i q u i d  phase sepa ra t ion  rzs a 7,12311s of s t rengthening 

glass has n o t  been considered by someone previously.  

demonstrating this technique could b e  found i n  the  l i t e r a t u r e .  

However, no reference 

LV. Se lec t ion  of System 

It seemed des i r ab le  t o  select  a s i l i c a t e  system t o  demonstrate l i q u i d  

immiscibi l i ty  strengthening. Apart from the  f a c t  t h a t  many glass-forniing 

s i l i ca te  systems contain l i q u i d  immiscibi l i ty ,  a high s i l i c a  matr ix  g l a s s  

could b e  expected t o  have a r e l a t i v e l y  l o w  thermal expansion c o e f f i c i e n t  

and a reasonably high so f t en ing  point.  

After a preliminary study, the  L i  0-Ti0 -Si0 system was chosen f o r  2 2 2  

study (Figure 1). 

v i c i n i t y  of 14OOOC has been previously established") and the  two phase 

The e x t e n t  of l i q u i d  immiscibi l i ty  i n  t h i s  sytem i n  the  

region does n o t  extend completely across t h e  ternary system except i n  the  

v i c i n i t y  of t h e  high Si02 apex. 

a s i n g l e  phase (miscible) g l a s s  and gradually move i n t o  the  immiscibi l i ty  

This o f f e r s  t he  opportunity t o  s t a r t  wi th  

region by composition va r i a t ions .  The t i e  l i n e s  across  the immiscibi l i ty  

dome i n d i c a t e  equilibrium between a high s i l i c a  phase and a phase r i c h  i n  

Li20 and T i 0  

s i l i c a  r i c h  matrix containing a high expanding d i spe r se  phase. 

They i n d i c a t e  the  p o s s i b i l i t y  of forming a low expanding 2' 

This 

s i t u a t i o n  can occur only when the  dome i s  penetrated on the high s i l i c a  s i d e  

of the  c r i t i c a l  poin t .  

the c r i t i c a l  point  would provide a composite with a high exTanding matrix 

and low expnncling d i s p e r s e  phase. Upon c o o l i n g ,  t h i s  i ix t r ix  wou1.d csis t i n  

a st:;.ite of t rn s ion  mid the  r e s u l t a n t  mechaiiica1 s t r eng th  would probably be 

Penetrat ion of t he  dome on t h e  Ti02-rich s i d e  of 

1 

very low. 
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Because of t he  above reasons, major a t t e n t i o n  i n  t h i s  i nves t iga t ion  was 

focused on the  70 weight % Si02 i s o p l e t h  t o  demonstrate the  s t rengthening 

e f f e c t .  

V. Related L i t e r a t u r e  

The phase r e l a t i o n s  i n  the L i  0 -S i0  system were determined by 2 2 

Kracek. (7) 

L i  S i  0 and S i0  was noted. 

phase r e l a t ionsh ips  i n  the  T i 0  -Si0 system. An extensive region of imiis- 

c i b i l i t y  was  found t o  e x i s t  above 178OOC and from approximately 7 t o  82 

weight % SiO2@ 

was inves t iga t ed  by K i m  and Hummel(6) where t h e  immiscibi l i ty  regions present  

A tendency f o r  l i q u i d  i w n i s c i b i l i t y  formation i n  melts between 

DeVries, Roy, and Osborn(8) e s t ab l i shed  the  

2 2 

2 2 5  2 

Ternary l i q u i d  phase sepa ra t ion  i n  the  L i  0-Ti0 -Si0 system 2 2 2  

i n  the  two boundary systems were found t o  b e  connected. 

The e f f e c t  of metas t a b l e  phase sepa ra t ion  i n  s i l i c a t e  systems was 

b r i e f l y  examined by P h i l l i p s  and Roy. 

glasses  was noted. Ohlberg, Golob, and Hollabough described various 

No evidence of strengthening of 

f r a c t u r e  su r faces  of g l a s ses  as r e l a t e d  t o  the suppression of crack f r o n t  

propagation by l iquid- in- l iquid c o l l o i d a l  immiscibi l i ty .  

. .  
A number of  i nves t iga t ions  of the s t r e n g t h  of v i s c o e l e a s t i c  substances 

containing embedded c r y s t a l l i n e  p a r t i c l e s  have been conducted. Tummala 

and Friedberg (12) recen t ly  inves t iga t ed  t h e  e f f e c t  of shape of the  disperse  

phase on s t r eng th  of glass-Zr0 composites. Their  r e s u l t s  support  the  

" p re s t r e s s the  o ry " (I1) which suggests t h a t  high expansion p a r t i c 1 . e ~  embedded 

2 
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between the s t r eng th  and e l a s t i c i t y  of t he  d i spe r se  phase and the corresponding 

propert ies  of the composite, 

suggest f r a c t u r e  stresses of g l a s s -c rys t a l  composites are dependent on. s i z e  

and volume f r a c t i o n  of t h e  dispersed phase because of t h e i r  i n t e r r e l a t i o n s h i p s  

Hasselman and Fulrath (14) presented r e s u l t s  t h a t  

with the  s i z e  of G r i f f i t h  flaws. 

V I .  Experimental Procedure 

Chemically pure grades of Li2C03, T i 0 2 ,  and s i l i c i c  ac id  were used t o  

prepare t h e  compositions l i s t e d  i n  Table I and Figure 1. 500 t o  1000 gram 

batches were prepared by weighing appropriate  proportions of the  r a w  

materials t o  an accuracy of 0,5 grams, mixing i n  a "V"-shell blender  f o r  

two hours,  and ca l c in ing  i n  f i r e c l a y  crucibles  a t  800°C f o r  2 t o  6 hours. 

Approximately 100 gram charges were melted i n  an electrical  r e s i s t ance  

furnace a t  1315OC. 

m e l t  w a s I  obtained. 

by cas t ing  i n  graphi te  molds preheated t o  400°C. 

was annealed by cooling t o  room temperature i n  the  graphi te  mold. 

Each preparat ion w a s  allowed t o  f i n e  u n t i l  a homogeneous 

Rods 1 /2  inch i n  diameter and 4 inche.s long were formed 

Af te r  cas t ing ,  each sample 

For each composition approximately ten samples  were s e l e c t e d  by v i s u a l  

inspect ion f o r  s t r eng th  t e s t ing .  

t a ined  using a Tinius-Olson t e n s i l e  t e s t i n g  apparatus with c e n t r a l  loading 

The t ransverse bending s t r eng ths  were ob- 

applied over a th ree  inch span. A constant loading rate of approximately 

500 poundslminute was used. 

was calculated using the  standard Mc/I r e l a t ionsh ip .  

The t r ansve r se  bending s t r eng th  f o r  each specimen 

The values were then 

P 

averaged t o  obtain a representat ive s t r eng th  f o r  t h e  composition. 

i 
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b f r a c t i v e  indices  of t he  glasses  were mastired within f 0.002 wi th  

sodium (D) l i g h t  a t  25°C by the  Becke l i n e  method. 

from approximately 1315OC o r  higher  depending on the  temperature of the  

l iquidus surface.  Linear thermal expansion measurements were made using a 

fused s i l i c a  dilatometer.  Electron micrographs of f r e s h l y  f r ac tu red  su r faces  

were obtained using the  preshadow carbon r e p l i c a  technique and a Siemens 

Elmiskop I A  Electron Microscope. 

The g la s ses  were quenched 

V I I .  Experimental Results 

The r e s u l t s  f o r  f i v e  g l a s s  compositions prepared on t h e  70 weight % 

Si0  i s o p l e t h  are summarized i n  Table I, The v a r i a t i o n  of modulus of rupture  

as a funct ion of composition is  i l l u s t r a t e d  i n  Figure lb .  Figure 2 shows 

representat ive e l e c t r o n  micrographs f o r  compositions 1, 2 ,  3 ,  and 5. 

2 

Composition 1, containing a s i n g l e  phase g l a s s  (Figure 2a), yie lded  

an average bending s t r e n g t h  of 18,320 p s i .  This was considered t o  be the  

t y p i c a l  nominal s t r eng th  of bulk g l a s ses  i n  the system examined. Because 

thermal h i s t o r y  of a l l  samples examined w a s  he ld  constant,  t h i s  w a s  n o t  

considered t o  be a va r i ab le  parameter. These samples  were completely 

t ransparent  e 

Composition 2 ,  prepared i n  the  v i c i n i t y  of t h e  two phase boundary, 

contained very f i n e  phase separat ion (Figure 2b). 

disperse  phase appea r s  as droplets .  Although t h i s  g l a s s  was t ransparent ,  

a s l t g h t  amber d i sco lo ra t ion  was evident.  This could b e  caused by phase 

separat ion and/or the l a r g e r  T i 0  

f o r  coiiiposition 2 was 25,590 p s i ,  markedly higher  than f o r  composition 1, 

the n i s c i b l e  glass. 

The discontinuous 

content.  The average modulus of rupture  2 
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A l l  of the  previously observed trends were continued by composition 3. 

The phase sepa ra t ion  became more pronounced (Figure 2c) , the d i sco lo ra t ion  

became increasingly evident ,  and the s t r e n g t h  increased sharply t o  30,775 p s i .  

A s  expected, conposit ion 5 showed considerable phase sepa ra t ion  (Figure 

2d) and l a rge  decrease i n  s t rength .  

t o  s t i l l  be discontinuous e 

The d i spe r se  phase, however, was observed 

Considerable d i f f i c u l t y  w a s  encountered i n  forming 

g l a s s  rods. Apparently the  high Ti0 content promoted r e c r y s t a l l i z a t i o n  when 2 

the  cooling rate w a s  too  slow. Numerous cracks appeared i n  the  ba r s  upon 

cooling and these  are r e f l e c t e d  i n  t h e  very low s t r e n g t h  l eve l s .  

Figure 3 shows t h e  l i n e a r  thermal expansion curves f o r  samples  1, 2 ,  3 ,  

and 5. The so f t en ing  temperature f o r  composition 1 i s  i n  the  v i c i n i t y  of 450°C 

and t h i s  c h a r a c t e r i s t i c  temperature inc reases  as expected as t h e  T i 0 2  content 

increases  ( the  l i qu idus  su r face  temperature increases  as shown by  K i m  and 

Hummel(6)) e Figure 4 shows t h e .  thermal expansion c o e f f i c i e n t s  passing through 

a minimum near  composition 3. This r e f l e c t s  t h e  change of  t he  composition of 

the  matrix towards a higher  s i l i ca  (lower expansion) g l a s s  as the  g l a s s  compo- 

s i t i o n s  pene t r a t e  t h e  immiscibi l i ty  dome more deeply (Figure 1). A t  

composition 5 ,  t he  expansion increases  again,  possibly due t o  the  l a r g e r  

inf luence of the  disperse  phase which, being r i c h  i n  T i 0  

and/or t o  the  thermal enlarging of t h e  numerous microfractures  suspected t o  be 

present  i n  t h i s  composition. 

i s  high expanding 2 '  

V I I I .  Discussion 

. 
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as producing compressive stresses throughout t he  matr ix  phase and confining 

t h e  t e n s i l e  stresses t o  t h e  d i spe r se  phase as i l l u s t r a t e d  schematically i n  

Figure 5b. I f  t h i s  i s  indeed the  case, i t  should be possible  t o  s t rengthen 

the  g l a s s  s t i l l  f u r t h e r  by c h i l l  tempering phase separated g l a s ses  and thereby 

taking advantage of su r face  compressive stresses (Figure 5c) .  

A q u a l i t a t i v e  test  of t h i s  idea w a s  achieved by heating four samples 

of composition 3 t o  temperatures near t h e i r  sof tening po in t s  and r ap id ly  

quenching them i n  a i r .  

average approximately 70,000 p s i .  Assuming t h a t  t h e  pretempered s t r eng ths  

of these ba r s  were about 31,000 p s i  as Table I would suggest, t h e  tempering 

treatment increased the  s t r eng th  l e v e l  two-fold. This b r i e f  t e s t  c l e a r l y  

ind ica t e s  t he  p o s s i b i l i t y  of obtaining very a t t r a c t i v e  s t r eng th  l e v e l s  i n  

bulk g l a s ses  by combining l i qu id  immiscibi l i ty  strengthening with tempering. 

Other secondary strengthening treatments a l s o  appear t o  be a t t r a c t i v e .  

The s t r eng ths  of these four samples were found t o  

The da ta  presented i n  t h i s  investigakion i n d i c a t e  t h a t  l i q u i d  imniis- 

c i b i l i t y  strengthening i s  pr imari ly  caused by the  mismatch i n  t h e  thermal 

expansion c o e f f i c i e n t s  of the  two phases. This supports t he  p r e s t r e s s  theory 

of strengthening g l a s s  composites as advocated by Tummala and Friedberg (12) 

and o the r s  ( l l ) .  The strengthening e f f e c t  i s  only observed u n t i l  the d i spe r se  

phase becomes too prevalent  and i n t e r n a l  cracks begin t o  appear. Warshaw and 

Seider (15) observed a similar phenomena i n  c r y s t a l l i n e  composites. 

Apart from thermal expansion considerations,  a number of o the r  f a c t o r s  

can possibly con t r ibu te  t o  l i q u i d  i n x i s c i b i l i t y  Strengthening of g l a s ses .  

Hasselman and Fulrath ( I 4 )  have shown t h a t  s t r eng ths  of  c rys t e l - in -g la s s  

composites are dependent on the d i spe r se  phase s i z e  anZ volume f r a c t i o n .  

Their argument po in t s  out that: these two f ac to r s  l i m i t  the  s i z e  of the I 
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G r i f f i t h  flaws and thereby increase the  s t r eng th  of the  composite, Other 

considerat ions regarding t h i s  strengthening e f f e c t  m u s t  include t h e  bonding 

between the  phase? ( i n  order  t o  traxzsmit stresses), the  formation and propo- 

ga t ion  of cracks,  and t h e  v i s c o e l a s t i c  na tu re  of t h e  system under s t r e s s .  

These considerat ions are p resen t ly  under inves t iga t ion  and w i l l  be the  sub- 

j ec t  of f u t u r e  pub l i ca t ions .  

I X .  Summary 

By examining compositions on the  70 weight % S i 0  i s o p l e t h  i n  the  

L i  0-Ti02-Si02, i t  has been demonstrated t h a t  l i q u i d  immiscibi l i ty  can 

lead t o  s i g n i f i c a n t  s t rengthening of bulk  g l a s ses .  For the  s y s t e m  examined 

here ,  t he  t r ansve r se  bending s t r e n g t h  increased from 1.8,320 p s i  t o  30,775 

2 

2 

p s i  as microscopic, and sub-microscopic l i q u i d  phase separat ion developed. 

Too much phase sepa ra t ion  i s  detr imental  t o  t h e  high s t r eng th  l e v e l s .  

Evidence f o r  secondary strengthening ( t o  70,000 p s i )  by conventional c h i l l  

tempering of glasses containing phase separat ion has a l s o  been obtained. 

, 
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ROTATIONAL LOCKS FOR GRAVITY GRADIENT SATELLITES 

Abstract  

Locked-in p lanar  r o t a t i o n a l  motion f o r  satell i tes moving i n  a 

g rav i ty  grad ien t  f i e l d  is  examined using both a n a l y t i c a l  and numerical 

techniques. 

(where- n i s  an in t ege r )  sa te l l i te  r o t a t i o n s  per  o r b i t  revolu t ion  

It is shown t h a t  r o t a t i o n a l  locks a t  s p i n  rates of n/2 

e x i s t  f o r  s p e c i f i c  combinations of sa te l l i te  i n e r t i a  proper t ies  and 

o r b i t a l  e c c e n t r i c i t y  . 
For nea r ly  a x i a l  symmetric satellites, the  maximum and minimum 

instantaneous rates which permit t h e  satel l i te  t o  remain i n  a p a r t i c u l a r  

r o t a t i o n a l  lock are found a n a l y t i c a l l y  by applying the  averaging tech- 

niques of Kryloff and Bogoliuboff and t h a t  of Symon. For these  cases, 

i t  i s  found t h a t  the  s t r eng th  of the  higher  r o t a t i o n a l  locks (n > 3)  

are g rea t e r  than t h e  s t r eng th  of t h e  n = 2 o r  1/1 r o t a t i o n a l  lock f o r  

proper combinations of lock number, n ,  and o r b i t a l  eccen t r i c i ty .  

Comparison of t h e  r e s u l t s  f o r  t h e  case of t h e  p l ane t  Mercury are shown 

t o  be i n  good agreement with both observations of t he  p lane t  and the  

numerical ca l cu la t ions  of Liu. 

Numerical r e s u l t s  were obtained f o r  representa t ive  values through- 

out  t he  range of sa te l l i te  i n e r t i a  proper t ies .  Per iodic  so lu t ions  of 

per iods 21r and 41r are found and t h e i r  v a r i a t i o n a l  s t a b i l i t y  in-  

ves t iga t ed  by Floquet ana lys i s .  The r e s u l t s  which are presented on 



s t a b i l i t y  cha r t s  show t h a t  f o r  satell i tes t h a t  devia te  appreciably from 

axial symmetry, t h e  s t a b l e  pe r iod ic  so lu t ions  occur a t  e c c e n t r i c i t i e s  

which tend t o  increase  as t h e  absolu te  value of t h e  lock number 

increases .  

In /  

E s t i m a t e s  of t h e  s t r eng th  of t hese  r o t a t i o n a l  locks are found by 

applying t h e  phase space technique of Brereton and Modi. For nea r ly  

a x i a l l y  symmetric satellites, t h e  r e s u l t s  of t h i s  technique agreed 

favorably with the  a n a l y t i c a l  r e s u l t s .  Rota t iona l  locks f o r  satell i tes 

t h a t  are no t  near ly  a x i a l  symmetric w e r e  found i n  general  t o  be con- 

s iderably  weaker than the  more f requent ly  inves t iga ted  1/1 lock. 
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1. INTRODUCTION 

Recent developments i n  t h e  app l i ca t ion  of e a r t h  satell i tes t o  

s c i e n t i f i c  programs r equ i r e  s p e c i a l  a t t e n t i o n  regarding t h e i r  or ien-  

t a t i o n  i n  space. 

use passive r a t h e r  than a c t i v e  methods of maintaining satel l i te  or ien-  

Over a long sa te l l i t e  l i f e t i m e ,  i t  is  des i r ab le  t o  

t a t i o n  s i n c e  the  former does not  r equ i r e  t h e  consumption of power. 

The most f requent ly  used passive method of a t t i t u d e  cont ro l  i s  t h e  

g rav i ty  grad ien t  e f f e c t  which occurs when a body i s  immersed i n  a 

non-uniform g r a v i t a t i o n a l  f i e l d .  This e f f e c t  e x i s t s  because t h e  

center  of m a s s  and the  center  of g rav i ty  of t he  satel l i te  do not  

genera l ly  coincide,  thus  c rea t ing  a torque about t h e  mass center  of 

t he  satel l i te .  Proper d i s t r i b u t i o n  of sa te l l i te  m a s s  provides t h e  

des i r ab le  torque t o  allow passive o r i e n t a t i o n  t o  be achieved. 

The motion of a satel l i te  may be considered t o  cons i s t  of two 

components; t he  motion of t he  m a s s  c en te r  of t h e  sa te l l i t e  about t h e  

a t t r a c t i n g  body c a l l e d  o r b i t a l  motion, and the  motion of t h e  satell i te 

about i ts  m a s s  cen ter  c a l l e d  r o t a t i o n a l  motion. Rota t iona l  motion only 

i n  the  plane of t he  o r b i t  i s  ca l l ed  p lanar  r o t a t i o n a l m o t i o n ,  a s p e c i a l  

case of which i s  l i b r a t i o n a l  o r  o s c i l l a t o r y  motion. Of t h e  above types 

of motion, t h i s  r epor t  is pr imari ly  concerned with planar  r o t a t i o n a l  

motion. 

1.1 1/1 Rota t iona l  Lock 

The f i r s t  sa te l l i te  placed i n t o  o r b i t  i n  1957 g rea t ly  s t imulated 
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research i n  the  area of r o t a t i o n a l  satell i te motion. Lunar motion as 

w e l l  as t h e  motion of communication and observat ion satel l i tes ,  which 

perform most e f f i c i e n t l y  when one s i d e  of t h e  satel l i te  is always fac ing  

t h e  ea r th ,  motivated p a r t i c u l a r  i n t e r e s t  i n  t h e  case where the  satel l i te  

r o t a t e s  i n  the  o r b i t a l  plane once per  o r b i t  revolu t ion  o r  i n  a 1/1 ro- 

t a t i o n a l  lock. This p r i n c i p a l  lock has  been t h e  sub jec t  of several in-  

ves t iga t ions  (1-16). References (1-9) d i scuss  t h e  preliminary concepts 

of p lanar  r o t a t i o n a l  ana lys i s  and are pr imari ly  concerned with t h e  planar  

l i b r a t i o n s  of var ious shaped satell i tes whose o r b i t s  are e i t h e r  c i r c u l a r  

o r  of s m a l l  e ccen t r i c i ty .  

Be le t sk i i  (10) i n  a comprehensive work summarized a l l  the  pe r t inen t  

papers on r o t a t i o n a l  motion of satel l i tes  i n  t h e  Russian l i t e r a t u r e  

through 1965. One of these  papers, Chernous'ko ( l l ) ,  developed a method 

f o r  i nves t iga t ing  h igher  r o t a t i o n a l  locks f o r  nea r ly  axial-symmetric 

satell i tes,  but  h i s  r e s u l t s  w e r e  l imi t ed  t o  the  1/1 r o t a t i o n a l  lock f o r  

o r b i t s  o r  a r b i t r a r y  eccen t r i c i ty .  I n  Section 3 of t h i s  r epor t  h i s  r e s u l t s  

w i l l  be extended t o  include h igher  r o t a t i o n a l  locks. 

Torzhevshiz (12) mathematically proved t h e  ex is tence  of 27rm, m = 1, 

2,  ...., odd pe r iod ic  so lu t ions  t o  the  1/1 planar  r o t a t i o n a l  equation of 

motion. Using t h i s  f a c t ,  Zlatoustov e t  a1 (13) inves t iga ted  t h e  1/1 

r o t a t i o n a l  lock by numerically f ind ing  27r per iod ic  so lu t ions  t o  t h e  

equation of motion. 

i nves t iga t ed  by using t h e  theory of Floquet (27). The above method due 

t o  Zlatoustov e t  a1 w i l l  be extended t o  include h igher  r o t a t i o n a l  locks 

i n  Section 4. 

The s t a b i l i t y  of these  pe r iod ic  so lu t ions  were then 
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Brereton and Modi (14, 15, 16, 2 3 )  numerically analyzed t h e  

s t a b i l i t y  of t h e  1/1 r o t a t i o n a l  lock f o r  o r b i t s  of a r b i t r a r y  

e c c e n t r i c i t y  and satell i tes of var ious shapes by using phase space 

analysis .  

t h e  equation of motion over many o r b i t s .  

t r a j e c t o r i e s  i n  t h e  phase space,  a s t a b i l i t y  sur face  w a s  formed. 

The l a r g e s t  of t hese  s t a b i l i t y  su r faces  o r  i n t e g r a l  manifolds, de- 

f i n e s  a region, i n s i d e  of which, i n i t i a l  values  of angular ve loc i ty  

and displacement produce a s t a b l e  1/1 r o t a t i o n a l  lock. 

t he  method due t o  Brereton and Modi ( 2 3 )  w i l l  be modified t o  in- 

v e s t i g a t e  a l a r g e  number of higher  r o t a t i o n a l  locks.  

1.2 3 / 2  Rotat ional  Lock 

Their technique involved t h e  numerical i n t e g r a t i o n  of 

By t r ac ing  t h e  s o l u t i o n  

I n  Section 5 ,  

Studies  of t h e  r o t a t i o n a l  motion of t h e  p lane t  Mercury l ed  t o  

inves t iga t ions  of poss ib l e  "locked in"  motion a t  o the r  s p i n  rates, 

i n  p a r t i c u l a r  t h a t  of t h r e e  satel l i te  r o t a t i o n s  f o r  every two o r b i t  

revolu t ions  o r  a 3 / 2  r o t a t i o n a l  lock. 

Mercury's motion w e r e  found by Liu and O'Keefe ( 2 0 )  by numerically 

i n t e g r a t i n g  t h e  equation of motion with an o r b i t  e c c e n t r i c i t y  of 0.2 

and assuming Mercury t o  be near ly  a x i a l l y  symmetric. They found t h a t  

Mercury would lock a t  an average r o t a t i o n a l  per iod of 58.65 days with 

small l i b r a t i o n s  which have a per iod of 25 years  about t h i s  average 

period. These values  are i n  exce l l en t  agreement with r ada r  (17) and 

v i s u a l  (18) observations of t h e  p lane t  Mercury which ind ica t e  that 

t h e  period of r o t a t i o n  of t h e  p lane t  i s  58.4t0.4 days. 

o r b i t a l  per iod of revolu t ion  i s  87.97 days, i t  appears t h a t  a 3 / 2  

Locks which would expla in  

Since Mercury's 
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r o t a t i o n a l  lock caused by g rav i ty  grad ien t  s t a b i l i z a t i o n  is  indeed 

possible .  

Liu (21) extended h i s  i n i t i a l  computer r e s u l t s  by f ind ing  the 

upper and lower l i m i t  f o r  t he  r o t a t i o n a l  per iod of t h e  p lane t  re- 

quired f o r  i t  t o  remain i n  a 3/2 r o t a t i o n a l  lock. 

l i b r a t i o n s  about these  periods f o r  o r b i t  e c c e n t r i c i t y  of 0.206 and 

f o r  var ious assumed shapes of t h e  p l ane t  were a l s o  calculated.  These 

r e s u l t s  appear i n  Table 11. 

The per iod of 

Laslett and Sessler (22) a n a l y t i c a l l y  inves t iga ted  t h e  case 

of near ly  axial-symmetric sa te l l i tes  i n  near ly  c i r c u l a r  o r b i t s  by 

employing an averaging method discussed by Symon e t  a1 (24). 

work w i l l  be  extended t o  inc lude  higher  r o t a t i o n a l  locks i n  Section 3.  

Their 

The inves t iga t ions  discussed i n  t h i s  Sect ion tend t o  i n d i c a t e  t h a t  

r o t a t i o n a l  locks o ther  than t h e  1/1 and 3/2 are poss ib le  f o r  satell i tes 

of var ious shapes i n  o r b i t s  of a r b i t r a r y  e c c e n t r i c i t y .  The purpose of 

t h i s  r epor t  i s  t o  determine t h e  condi t ions under which such higher  

r o t a t i o n a l  locks are poss ib l e  and t o  eva lua te  t h e  s t r eng th  of t hese  

locks.  
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2. THE EQUATIONS OF MOTION 

The equations of motion which descr ibe  t h e  planar  r o t a t i o n a l  

motion of a satel l i te  about an a t t r a c t i n g  body are indeed complex. 

However t h e  u t i l i z a t i o n  of appropr ia te  assumptions and t h e  s e l e c t i o n  

of a proper axes system reduces t h e  equations of motion t o  a decep- 

t i v e l y  simple form. The nomenclature of t he  problem along with t h e  

pe r t inen t  assumptions are presented below. 

Consider a sa te l l i t e  whose p r i n c i p a l  moments of i n e r t i a  about 

t h e  p r i n c i p a l  a x i s  system X Y and Z are A, B,  and C respec t ive ly .  

Furthermore l e t  t h e  m a s s  d i s t r i b u t i o n  be  such t h a t  ALBLC. The problem 

is  shown schematically i n  Figure l w h e r e :  

P' P P 

- 
r -  pos i t i on  vec tor  of t h e  m a s s  cen ter  of 

t he  sa te l l i t e  with respec t  t o  t h e  mass 

cen te r  of t h e  a t t r a c t i n g  body 

k -  p o s i t i v e  o r  negat ive in t ege r  

X,Y,Z - coordinate system r o t a t i n g  about the  

Z axis such t h a t  t h e  X axis remains 

al igned with the  rad ius  vec tor  r. 

Xr,Yr,Zr - coordinate  system r o t a t i n g  about t he  

Z axis where 

from t h e  X ax is .  

x ,Y ,z - p r i n c i p a l  axes of t h e  satel l i te  

k i s  ro t a t ed  - f radians 'r 2 

P P P  

$ -  angle  measured from pos i t i on  vec tor  r t o  

t h e  X a x i s  i n  a counter-clockwise d i r e c t i o n  
P 
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f -  

e -  

t r u e  anomaly 

angle  measured from t h e  l i n e  of apses t o  

t h e  X a x i s  i n  a counter-clockwise d i r e c t i o n  
P 

The assumptions involved i n  obtaining t h e  p lanar  equation of motion 

of t h e  satel l i te  are: 

A. The r o t a t i o n  of t h e  satell i te about i t s  center  of 

m a s s  i s  r e s t r i c t e d  t o  t h e  o r b i t a l  plane about t h e  

Z ax is .  ( i . e .  t h e  satel l i te  has equatora l  symmetry) 
P 

B. The body about which t h e  satel l i te  i s  o r b i t i n g  

( a t t r a c t i n g  body) i s  sphe r i ca l ly  homogeneous and 

is  the  only body which exerts fo rces  on t h e  

satell i te.  

C. The c h a r a c t e r i s t i c  length  of t h e  satel l i te  

is s m a l l  compared t o  t h e  dimensions of t h e  o r b i t .  

D. The inf luences of atmospheric drag, magnetic f i e l d s ,  

s o l a r  r ad ia t ion ,  and o the r  extraneous e f f e c t s  are 

ignored. 

of these  phenomena see (25), (10,p. 26), and (23, p. 6 . )  

For a discussion of t he  relative magnitudes 

E. The motion of t h e  satel l i te  about i t s  m a s s  cen ter  has 

no e f f e c t  on t h e  motion of t h e  m a s s  cen ter  i t s e l f  which 

the re fo re  moves i n  accordance with K e p l e r ' s  l a w s  (28). 

A s  a consequence of these  assumptions, t he  equation of motion 

reduces t o  t h e  form given by B e l e t s k i i  (lo), 
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2 2 * + 11 + 3a cos4 sin4 = o df (1 + e cos f) Q - 2e sin f [ 
df 

2 B-A where a = - c 

An equivalent form of equation (2.1) where 6 is the dependent 

variable and M, the mean anomaly, is the independent variable is given 

by 

k If 4 in equation (2.1) is replaced by 2 + 4 as is shown in 1’ 

Figure 1, equation (2.1) becomes, 

df 

+ 3a2 cos (4, + 3) sin (m, + 9) = 0 

Equations (2.1), (2.2), and (2.3) are the three forms of the rotational 

equation of motion of the satellite which will be investigated through- 

out the remainder of this report. 
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3. NEARLY AXIAL SYMMETRIC SATELLITES 

For the case where a2 = 0 (axially symmetric satellite) the 

solution of equation (2.2) is that of a constant angular rate given 

by 

e = w  M +  eo 
0 

where w and are constants which depend upon the initial con- 

ditions at pericenter. The form of equation (3.1) suggests that for 

''a2'' equal to a small non-zero constant (nearly axial symmetric) the 

solution would take the form 

0 

e = w M-+ 11 
0 (3.2) 

where rl is some function of M not necessarily small. Several 

methods for investigating such cases are presented below. 

3.1 Conditions for Rotational Lock 

Chernous'ko (11) has shown that for the case where "a" is small, 

the averaging techniques of Kryloff and Bogoliuboff can be applied 

to equation (2.2) utilizing the form of solution given fn equation (3.2). 

For the case where 

showed that to a first approximation the satellite is not influenced by 

the gravitational perturbing moment. However, for the more interesting 

2w0 is not an integer, Chernous'ko (11,page 709) 
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case 2w = n, where n, t he  lock nun.,er i s  an in t ege r ,  equation (2.2) 

becomes per iodic  and can be averaged over i ts  period (2n) t o  g ive  the  

equation 

0 

where 0 (e) i s  given by n 

(1  + e cos f )  cos (nM - 2f)df 1 

n(l - e ) 
312 @!(e) = 

0 

and M i s  given exac t ly  i n  terms of f by 

Equation (3.3) is t h a t  of a simple pendulum and consequently the  

so lu t ion  of equation (2.2) i s  given i n  t h e  form of equat ion (3.2) which 

descr ibes  e i t h e r  slow r o t a t i o n s  o r  o s c i l l a t i o n s  superimposed on a 

constant  angular rate where t h e  constant  angular rate is  given by 

n 
0 2  w = - satel l i te  r o t a t i o n s  f o r  each o r b i t  revolut ion.  For "locked-in" 

(3  4 )  

r o t a t i o n a l  motion the  so lu t ions  must be o s c i l l a t o r y  about a s t a b l e  
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equilibrium state which determined from equation 3.3 are, 

SR q = - -  
2 

where 

s = 0, f. 2,  2 4 ,  ... f o r  $n(e)> 0 

s = 1, 2 3, t 5, ... f o r  $,(e)< 0 

The requirement f o r  t h e  motion t o  be o s c i l l a t o r y  allows approximate 

upper and lower bounds of t h e  angular rate of a sa te l l i t e  t o  be de- 

termined f o r  any given r o t a t i o n a l  lock. These bounds are determined 

by evaluat ing t h e  f i r s t  i n t e g r a l  associated with t h e  pendulum equation 

a t  t h e  c r i t i ca l  po in t s  7T 
rl = 0 and rl = y and can e a s i l y  be shown t o  be 

where T i s  t h e  per iod of t h e  sa te l l i t e  o r b i t .  I n  terms of t h e  

absolute  angular ve loc i ty  equation (3.7) becomes. 

0 

(3.7) 

Consequently t h e  extreme values  f o r  t h e  instantaneous period of t h e  

sa te l l i t e  f o r  a given r o t a t i o n a l  lock are 
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0 
T - T - (3 9 )  

max 1 /2  
min 

0 -  

where t h e  r o t a t i o n a l  lock i s  given by n/2 o r  w o / l .  

From equation 3.9 it can be shown t h a t  i t  is  poss ib le  f o r  i d e n t i c a l  

satell i tes i n  t h e  same o r b i t  but  w i t h  d i f f e r e n t  r o t a t i o n a l  locks t o  have 

t h e  same instantaneous per iod provided t h e  following condi t ion i s  

s a t i s f i e d  

1'1 L. I 

(3.10) 

I n  addi t ion  the  period of s m a l l  o s c i l l a t i o n s  of t h e  sa te l l i t e  about 

i t 's  mean angular rate is e a s i l y  obtained from t h e  pendulum equation 

(3.3) and i s  given by 

0 
T 

P =  (3.11) 

3.2 S m a l l  e Considerations 

For t h e  case where t h e  o r b i t s  are near ly  c i r c u l a r ,  several a n a l y t i c  

r e s u l t s  can be obtained by expanding t h e  appropr ia te  terms i n  powers of 



1 2  

the  s m a l l  e c c e n t r i c i t y  e. 

can be expanded i n  powers of "etr and t h e  r e s u l t i n g  expression in t e -  

grated.  Al te rna t ive ly  t h e  governing equat ion (2.2) can be expanded 

i n  powers of "e" with t h e  t r u e  anomaly given by (29) : 

For example t h e  integrand of equation (3.4) 

(3.12) 3 f = M + 2 e s i n  M + $ e2 s i n  (2M) + o(e ) 

I f  t h e  so lu t ions  i n  the  form of equation (3.2) are s u b s t i t u t e d  i n t o  

t h e  expanded form of equation (2.2), t h e  r e s u l t i n g  d i f f e r e n t i a l  

equation i n   is t o  O(e ), 2 

2 7 - 5/2 e ) cos 2M (wo - 1) + e cos M(2w - 3) 
0 

2 cos M (2w 0 - 1) + 17 2 e2 cos 2M (wo - 2)) s in  2rl e - -  

2 + ((1 - 5/2 e ) s i n  2M (wo - 1) + $ e s i n  M (2w - 3) 
0 

s i n  M (2w - 1) + 17 e2 s i n  2 M (w - 2) (3.13) e 
2 0 2 0 

- -  

A method developed by Symon e t  a1 (24) and used by Laslet t  and 

Sessler (22) assumes t h a t  terms averaging t o  zero i n  the  coe f f i c i en t s  

of terms containing rl can be ignored i f  t h e i r  per iod is  much smaller 
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than the  per iod of t h e  so lu t ion  found without these  averaged t e r m s ,  i f  

2w0 = n,  n = 1,2,3,4,  ... 
constant  term and terms of period T which can be ignored. Con- 

sequently equation (3.13) takes  the  form of equat ion (3.3). 

these  coe f f i c i en t s  contain one non zero 

0 

The r e s u l t s  of carrying out  e i t h e r  operat ions out l ined  above, 

averaging then expanding o r  expanding and then averaging lead t o  t h e  

same r e s u l t s ,  t o  o (e  ), which are present  below. 

can be approximated by 

2 For s m a l l  e 9  4,(e) 

(3.14) 

3.3 Resul ts  

Since the  s ign  and magnitude of @ (e) are imperative t o  t h e  

inves t iga t ion ,  equation ( 3 . 4 )  has been numerically in tegra ted  f o r  

several values  of 

2 and 3. 

by the  magnitude of @,(e). The g rea t e r  @,(e) t h e  l a r g e r  t h e  allowable 

devia t ion  from t h e  mean angular rate before  relative tumbling occurs as 

n 

n ,  t h e  r e s u l t s  of which are presented i n  Figures 

An ind ica t ion  of t he  s t r eng th  of a r o t a t i o n a l  lock i s  given 
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ind ica ted  by equation (3.8). 

lock t h e r e  i s  a p a r t i c u l a r  value of e which gives t h e  s t ronges t  lock. 

These values  of e and t h e i r  assoc ia ted  maximum p o s i t i v e  values  of 4, 

as w e l l  as the  values  of e a t  which 4, = 0 are given f o r  each ro- 

t a t i o n a l  lock i n  Table I. 

the  s t r eng ths  of these  higher  locks,  wi th  t h e  exception of t h e  3/2 lock,  

are g r e a t e r  f o r  c e r t a i n  ranges of e c c e n t r i c i t y  than the  1/1 lock case i n  

a c i r c u l a r  o r b i t .  

Figure 3 ind ica t e s  t h a t  f o r  each r o t a t i o n a l  

n 

n 

Contrary t o  t h e  implicat ions of t h e  l i t e r a t u r e ,  

Values of t he  lock number, n, less than zero w e r e  found t o  give very 

s m a l l  values  of @ (e) e l iminat ing t h e  p o s s i b i l i t y  of s t rong  re t rograde  

r o t a t i o n a l  locks f o r  near ly  a x i a l  symmetric satell i tes.  

n 

Table I1 shows several r e s u l t s  obtained from t h e  a r b i t r a r y  e and 

s m a l l  e techniques as compared t o  those of Liu (21) who numerically 

in t eg ra t ed  t h e  equation of motion over a t i m e  per iod of 100 years .  

The per iod of s m a l l  amplitude o s c i l l a t i o n s  given by equation (3.11) 

and the  upper and lower l i m i t s  i n  t h e  instantaneous periods of t h e  

sa te l l i t e  given by equation ( 3 . 9 )  were used f o r  t h i s  comparison. 

The d iscuss ion  thus f a r  has  been l imi ted  t o  near ly  a x i a l  symmetric 

The remaining sec t ions  w i l l  consider t h e  more general  case satel l i tes .  

2 of a r b i t r a r y  sa te l l i t e  parameter, a , and a r b i t r a r y  o r b i t  e c c e n t r i c i t y ,  

e. 

4.  PERIODIC SOLUTIONS 

4.1 Numerical Determination of Per iodic  Solut ions 

The ex is tence  of odd 2nm pe r iod ic  so lu t ions  of equation (2.3) w a s  
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w a s  ind ica ted  by Torzhevskiz (12) and may be explained phys ica l ly  f o r  k 

equal t o  an in t ege r  by not ing t h e  symmetry of t h e  c e n t r a l  fo rce  f i e l d  

about t he  l i n e  of apses.  For equation (2.1), o s c i l l a t o r y  so lu t ions  

which are pe r iod ic  i n  $ def ine  a r o t a t i o n a l  rate of lock number n = 2. 

I n  an analogous manner, o s c i l l a t o r y  pe r iod ic  so lu t ions  i n  

(2.3) 

s a t e l l i t e  r o t a t e s  - -I- 

revolut ion (see Figure 1 ) .  

$1 of equation 

def ine  a r o t a t i o n a l  rate of lock number n = k + 2 s ince  t h e  

t i m e s  about i t s  m a s s  cen ter  f o r  each o r b i t  2 

These odd 2 ~ r m  pe r iod ic  so lu t ions  w e r e  obtained numerically by 

in t eg ra t ing  equation (2.3) with t h e  i n i t i a l  condi t ions 

a wide range of cj1(0) values.  An i l l u s t r a t i o n  of t he  r e s u l t s  of 

t h i s  numerical technique i s  shown i n  Figure 4 f o r  t h e  case of m = 1, 

k = 2, a = 2.0 where a i s  defined as a = 3a and consequently s a t i s f i e s  

the  l i m i t s  of -3~a53 .  

$1(0) axis y i e l d  odd pe r iod ic  so lu t ions  s ince  odd 

s a t i s f y  t h e  condi t ion 

$1(0) = 0 f o r  
1 

2 

1 

The values  of $1(0) where t h e  curve crosses  the  
1 

27rm per iodic  so lu t ions  

The range 

pending on the  

of t h e  o r b i t .  

= $,(mTr) = 

over which 

par  ti c u l a r  

0 

I 

these  

r o t a t i o n a l  lock inves t iga t ed  and the  e c c e n t r i c i t y  

$1(0) roo t s  l i e  v a r i e s  considerably de- 

However from t h e  d e f i n i t i o n  of t h e  va r i ab le s  $1, M, wo 
1 

and f ,  t h e  approximate range of cj1(0) can be  determined t o  be 
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where the  va lue  of p = 3.0 w a s  found t o  be adequate f o r  f ind ing  per iodic  

so lu t ions  f o r  a l l  r o t a t i o n a l  locks inves t iga ted .  For the  case where a= 0 

( ax ia l ly  symmetric s a t e l l i t e ) ,  equation (4.1) with p = 0 i s  exact  and 

served as a check on the  numerical ca lcu la t ions .  

For a r ep resen ta t ive  sampling of r o t a t i o n a l  locks,  so lu t ions  of 

period 2~ w e r e  found f o r  130 uniformly d i s t r i b u t e d  poin ts  i n  t h e  

region [ - 3 5 ~ 5 3  : OLeLO.9 ] . Additional po in ts  f o r  t h e  case of 

s m a l l  e as w e l l  as f o r  t he  case of s m a l l  a w e r e  a l so  inves t iga ted .  

The region of e>0.9 w a s  no t  included s ince  t h e  numerical i n t e g r a t i o n  of 

equation (2.3) becomes inaccura te  because of t h e  s i n g u l a r i t y  at  e = 1. 

Some t y p i c a l  examples of these  odd 2~ -per iodic  so lu t ions  are shown i n  

Figures 5 and 6. For r o t a t i o n a l  locks o ther  than t h e  1/1, i t  i s  i n t e r -  

e s t i n g  t o  note  t h a t  t he  e = 0 case does not  r e s u l t  i n  

so lu t ions  are 

$ l ( f )  = 0. The 

2v/k pe r iod ic  because of t he  pendulum l i k e  motion about 

the  Xr - Y 

rad ius  vec tor  a t  the  constant  angular rate - M. 

ax i s  system (Figure 1) which r o t a t e s  with respec t  t o  the  r 
k 
2 

1 

The i n i t i a l  angular v e l o c i t i e s  $1(0) which produce   IT per iod ic  

so lu t ions  of equation (2.3) f o r  14  r o t a t i o n a l  locks are shown i n  Figures 

7-20. Figure 13  agrees  with t h a t  of Zlatoustov e t  a1 (13) and is  presented 

here  f o r  comparison with t h e  o ther  locks.  

Cer ta in  po in t s  of Figure 14  can be checked a n a l y t i c a l l y  by using an 

exact  so lu t ion .  Be le t sk i i  (10) observed t h a t  equation (2.1) has t h e  

exact  so lu t ion  $ = f / 2 ,  when t h e  p a r t i c u l a r  r e l a t ionsh ip ,  2 a = 2e e x i s t s  

between the  sa te l l i t e  parameter and t h e  o r b i t  eccen t r i c i ty .  By examining 

equation (2.3) i t  i s  seen t h a t  t h i s  so lu t ion  i s  equivalent  t o  $ = 0 when 1 



17 

a e = - f o r  t h e  3/2 r o t a t i o n a l  lock. Consequently, po in ts  a t  which 

the  curves of Figure 14 i n t e r s e c t  t h e  e ax i s  must s a t i s f y  the  

r e l a t ionsh ip  e = - 

6 

a 
6 .  

For p a r t i c u l a r  values  of a and e, i t  is  i n t e r e s t i n g  t o  note  

t h a t  as many as th ree  2n pe r iod ic  so lu t ions  w e r e  found f o r  t he  n22 

r o t a t i o n a l  locks where f o r  n21 the re  i s  no t rend  ind ica t ing  t h e  

exis tence of more than one 2n pe r iod ic  so lu t ion  f o r  each combination 

of e and a. 

Solutions of per iods o ther  than t h a t  of t he  satell i te 's  per iod of 

revolut ion on i ts  o r b i t  w e r e  a l s o  inves t iga ted .  For the  1/1 and 3/2 

r o t a t i o n a l  locks,    IT pe r iod ic  so lu t ions  w e r e  found f o r  var ious com- 

b ina t ions  of a and e. Typical examples of these  so lu t ions  are 

shown i n  Figure 21 and t h e  i n i t i a l  angular v e l o c i t i e s  

t o  produce these  so lu t ions  are shown i n  Figures 22 and 23. Figure 22 

I 

$1(0) necessary 

represents  a more complete inves t iga t ion  than a s imilar  f i g u r e  by 

Brereton (23) s ince  many add i t iona l  4n pe r iod ic  so lu t ions  are found. 

Inves t iga t ion  of t h e  usua l  130 uniformly d i s t r i b u t e d  poin ts  i n  t h e  

region [ -35~453 : OLeLp.9 ] f o r  t h e  0 / 1  and 5 /1  r o t a t i o n a l  locks 

resu l ted  i n  f ind ing  no 4n pe r iod ic  so lu t ions  f o r  e i t h e r  lock. 

The numerical i n t eg ra t ion  w a s  ca r r i ed  out  by using double p rec i s ion ,  

four th  order ,  Runge Kutta on an IBM system 360/65 d i g i t a l  computer. 

Since the  exact  2nm pe r iod ic  so lu t ions  are odd about the  poin t  mn 

f o r  a l l  r o t a t i o n a l  locks,  t h e  e r r o r  estimate 
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similar t o  t h a t  used by Brereton (23),  may be u t i l i z e d  i n  these  cases. 

I f  t h e  numerically determined so lu t ions  w e r e  exac t ,  t he  func t ion  c ( f )  

would be i d e n t i c a l l y  zero i n  t h e  i n t e r v a l  OzfLmr . It w a s  found t h a t  

t h e  accuracy of t h e  so lu t ions  became worse with increasing a and e. 

Typical values  of E(f)  f o r  several r o t a t i o n a l  locks with e = 0.9 

and 

4.2 Var ia t iona l  S t a b i l i t y  

a = 3.0 are shown i n  Figure 24. 

The s t a b i l i t y  of 2rm pe r iod ic  so lu t ions  of equation (2.3) can 

be inves t iga t ed  by construct ing t h e  v a r i a t i o n a l  equation (31 p. 1 2 1 ) .  

L e t  

* 
91 = 9, + x ( 4 . 3 )  

* 
where $1 is  known pe r iod ic  so lu t ion  and x i s  a l i n e a r  per turba t ion .  

By s u b s t i t u t i n g  equation ( 4 . 3 )  i n t o  equat ion (2.3),  r e t a in ing  terms t o  
* 

O(x), and subt rac t ing  from i t  t h e  o r i g i n a l  pe r iod ic  so lu t ion  9,, t h e  

v a r i a t i o n a l  equation becomes 

(1 + e cos f )  x" - (2e s i n  f )  x' + 

k * + a cos 2 (2  f + q x = 0 ( 4 . 4 )  

Equation (4 .4 )  i s  a l i n e a r  d i f f e r e n t i a l  equation with 2nm pe r iod ic  

coe f f i c i en t s  where t h e  i n t e g e r  m depends on t h e  period of 9, . For 

such a system, Floquet theory (27) i s  appl icable  and w i l l  be  appl ied t o  

t h e  p a r t i c u l a r  equat ion ( 4 . 4 ) .  

* 
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The characteristic equation of equation (4 .4 )  is given by' (31) 

) = O  CJ - (all + a22) 0 + (alla22 - a12a21 2 
(4 .5 )  

where the constants are given by 

I 

a = x (27rm) 12 1 a = x1(27rm) 11 

I 

a21 = x2(2-~m) a22 = x2(2~m) 

and the functions x (f) and x (f) are linearly independent solutions 

of equation (4 .4 )  obtained utilizing the t w o  sets of initial conditions 
1 2 

X1(O) = 1 X2(O) = 0 

I 1 

X1(O) = 0 X2(O) = 1 

Since equation (4 .4 )  remains invarient when the independent variable f 

is replaced by -f, and is also invarient when x is replaced by -x, the 

x1 and x2 indicate that x (f) must be an even 1 initial conditions on 

function of f and x2(f) must be an odd function of f. In addition 

the constant term in equation (4 .5 )  is the Wronskian determinant of 

and x evaluated at f = 2mn and is given by (31, p 131) 
x1 

2 

d j  = 1 2e sin f 

1 + e cos f 
W(27rm) = a a 11 22 - a12a21 = eq [- - 

0 
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Combining a l l  t h i s  information leads  t o  t h e  r e s u l t  t h a t  

- 
all - a22 

and hence t h e  c h a r a c t e r i s t i c  equation reduces t o  t h e  form 

o 2 - 2 a l l ~ +  1 = 0 

( 4 . 9 )  

(4.10) 

Then from Floquet theory (31), f o r  s t a b i l i t y  i t  is  required t h a t  

I alll < L 

pe r iod ic  so lu t ions ,  $1, depends only on t h e  value of 

found by examining t h e  x1 type of s o l u t i o n  a t  2m. 

~ ~ ( 2 7 1 )  

Consequently t h e  v a r i a t i o n a l  s t a b i l i t y  of t he  odd 2 ~ m  
* 

a which is  11 

By numerically f ind ing  the  values  of t h e  f o r  t he  2~ 

pe r iod ic  so lu t ions  ind ica ted  i n  Figures  7-20, t h e  s t a b i l i t y  cha r t s  

25-38 w e r e  constructed.  The no ta t ion  used i n  these  and subsequent 

s t a b i l i t y  charts is: 

I 1  I 1  o 

x 

1 1 ~ 1 1  

"b" - x ( 2 ~ )  w a s  i n  t h e  range 0.99<1 x1(2~)1<1.01 

- v a r i a t i o n a l  s t a b i l i t y  f o r  one pe r iod ic  so lu t ion  

- v a r i a t i o n a l  i n s t a b i l i t y  f o r  one pe r iod ic  so lu t ion  

- no pe r iod ic  so lu t ion  found 

I 1  I t  

1 

f o r  one pe r iod ic  so lu t ion  

The ex is tence  of more than one of t h e  above letters f o r  any p a r t i c u l a r  

combination of a and e ind ica t e s  t h e  presence of more than one 

per iodic  so lu t ion .  The s t a b i l i t y  cha r t  i n  Figure 31  agrees with t h e  
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r e s u l t s  of Zlatoustov (13) and Brereton (23) and is  presented he re  f o r  

t h e  purpose of comparing i t  with t h e  o the r  r o t a t i o n a l  locks.  

For a l l  r o t a t i o n a l  locks inves t iga ted ,  t h e  va lue  of x1(2n) f o r  

t he  l i n e  a = 0 ( i . e .  axial symmetric satel l i te)  w a s  found t o  be uni ty .  

This phenomenon occurs because f o r  a = 0 t h e r e  is  no torque on t h e  

satel l i te .  With t h e  exception of t h e  1/1 r o t a t i o n a l  lock, t h e  l i n e  

e = 0 a l s o  r e su l t ed  i n  ]x1(2a)l = 1. The reason f o r  t h i s  can be 

seen by examining equat ion (2.3) with e = 0 and w r i t t e n  i n  the  following 

f om 

d22(4, + 3) k + a s i n  2 (4, + 3) = 0 (4.11) 
I L  

df 

Equation (4.11) is  t h e  equat ion of a simple pendulum with dependent 

va r i ab le  

simple pendulum. 

k + YE) and f o r  k # 0 t h e  s o l u t i o n  i s  t h a t  of a r o t a t i n g  1 2  2(4 

An examination of t h e  s m a l l  a region f o r  t h e  n> 1 s t a b i l i t y  

cha r t s  i nd ica t e s  t h a t  t h e  s t a b l e  region crosses  t h e  e a x i s  i n  t h e  

i n t e r v a l  0.6<e<1.0 depending on t h e  r o t a t i o n a l  lock considered. 

examining poin ts  on t h e  s t a b i l i t y  c h a r t s  i n  t h e  v i c i n i t y  of t he  cross- 

i n g  po in t s  ind ica ted  by Table 11, complete agreement between t h e  

a n a l y t i c a l  r e s u l t s  of Section 3 and t h e  numerically determined 

v a r i a t i o n a l  r e s u l t s  of t h e  present  chapter  were found. 

By 

It i s  i n t e r e s t i n g  t o  note  t h a t  t h e  s t a b i l i t y  cha r t s  with n > l  con- 

t a i n  s t a b l e  regions o the r  than those near  t h e  e ax is .  These s t a b l e  

regions e x i s t  f o r  p o s i t i v e  CL and appear t o  be approximately vertical 
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and narrow i n  width. A s  t h e  lock number, n ,  f o r  these  s t a b i l i t y  cha r t s  

increases ,  t he  e c c e n t r i c i t y  of these  narrow s t a b i l i t y  regions increases .  

Note a l s o  t h e  similar e f f e c t  f o r  the  s t a b i l i t y  cha r t s  with lock numbers 

nL0. 

By examining the  3/2 r o t a t i o n a l  lock, Figure 32, f o r  values of t h e  

p l ane t  Mercury's e c c e n t r i c i t y ,  

l a r g e s t  s t a b l e  va lue  ~1 w a s  0.197. This value ind ica t e s  t h a t  t h e  r a t i o  

of t h e  p r i n c i p a l  moments of i n e r t i a ,  - B-A, of Mercury may have a maximum 

value of 0.065. 

e = 0.206, i t  w a s  determined t h a t  t he  

C 

The v a r i a t i o n a l  s t a b i l i t y  of t h e  4.rr per iod ic  so lu t ions  (m = 2) 

ind ica ted  i n  Figures 22 and 23 i s  given by t h e  s t a b i l i t y  cha r t s  shown 

i n  Figures 39 and 40. Figure 39 shows t h a t  t he  s t a b i l i t y  regions are 

l a r g e r  f o r  t h e  

the  inves t iga t ion  by Brereton (23) ind ica t e s .  The add i t iona l  4n 

471. per iod ic  so lu t ions  of t h e  1/1 r o t a t i o n a l  lock than 

per iodic  so lu t ions  found i n  the  present  i nves t iga t ion  are t h e  ex- 

p lana t ion  f o r  t h i s  discrepancy. 

no te  t h a t  none of t h e  4n per iod ic  so lu t ions  inves t iga t ed  were s t a b l e .  

I n  Figure 40,  i t  i s  i n t e r e s t i n g  t o  

5. PHASE SPACE ANALYSIS 

5 .1  Inva r i an t  Surfaces 

Many.rotationa1 locks i n  the preceeding chapter  w e r e  found t o  have 

These regions w e r e  determined regions which w e r e  v a r i a t i o n a l l y  s t a b l e .  

by considering only displacements o r  dis turbances i n f i n i t e s i m a l  i n  

nature .  I n  order  t o  i n v e s t i g a t e  t h e  s t a b i l i t y  of r o t a t i o n a l  locks f o r  
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t h e  case of f i n i t e  dis turbances,  a 

(14) which they appl ied t o  the  1/1 

technique used by Brereton and Modi 

r o t a t i o n a l  lock,  w i l l  be  extended t o  

include t h e  wide range of r o t a t i o n a l  locks considered i n  t h i s  repor t .  

Equation (2.3) can be w r i t t e n  as two f i r s t  o rder  equations as 

shown: 

d' 1 1 - 
df = '1 

1 

' k+2 a - -  - s i n  f ($1 + 2/ + 2 s in2  d' 1 
df 1 + e cos f 

Consequently the  s ta te  of t he  system can be represented by a poin t  i n  
1 

t he  phase space defined by t h e  th ree  orthogonal co-ordinates 4 1' 'y f *  

A p a r t i c u l a r  r o t a t i o n a l  lock can be inves t iga t ed  i n  t h i s  phase space 

by assuming i n i t i a l  condi t ions 4 (0) and 9 (0) and numerically in t e -  

g ra t ing  equation (2.3), o r  equiva len t ly  equation (5.1), from f = 0 t o  

1 

1 1 

f = 2n. Since t h e  coe f f i c i en t s  of equation (2.3) are 2 ~ r  pe r iod ic ,  t h e  

in t eg ra t ion  need only be ca r r i ed  out over t h i s  i n t e r v a l .  The f i n a l  
? 

poin t ,  4 1 ( 2 ~ )  and 4 (27r), is  taken as the  

and the  i n t e g r a t i o n  again ca r r i ed  out  t o  f 

1 

f o r e  can be  thought of as a transformation 

the  phase space from f = 0 t o  f = 2n. 

new i n i t i a l  po in t  a t  f = 0 

= 2n. Equation (2.3) there- 

which transforms poin ts  i n  

For t h e  case of t h e  1/1 r o t a t i o n a l  lock (k = 0) Brereton and Modi 

(14), using t h e  above method, demonstrated t h a t  t h e  locus of po in t s  i n  t h e  

plane f = 0 form a closed curve provided IT 
191 remains less than - 2 -  
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These closed curves are inva r i an t  ( i . e .  they are t h e  same a t  mul t ip les  

of  IT) and t h e  i n f i n i t e  number of t r a j e c t o r i e s  which connect them de- 

f i n e  an inva r i an t  su r f ace  o r  i n t e g r a l  manifold. 

f o r  t h e  case 

s t r u c t e d  i n  the  following manner. 

The i n i t i a l  condi t ions 

Invar ian t  sur faces  

k # 0 w e r e  numerically found t o  exist and w e r e  con- 

d$: ( 0 )  

df is  t h e  i n i t i a l  angular ve loc i ty  of t h e  were se l ec t ed ,  where 

per iodic  s o l u t i o n  under inves t iga t ion  a t  f = 0 and 6 is  a s m a l l  in- 

crement. Equation (2 .3)  can then be numerically in t eg ra t ed  from f = 0 

t o  f = 2.rr repeatedly f o r  a l a r g e  number of o r b i t s  as explained 

previously.  I f  t h e  absolu te  value of ] +11 a t  f = 0 remains less 

than - f o r  each o r b i t ,  i t  w a s  found t h a t  an inva r i an t  closed curve 

w a s  formed by these  t r a j e c t o r i e s  a t  f = 0. The va lue  of 6 i n  equation 

IT 
2 

(5.2) w a s  then increased and t h e  procedure repeated. 

of t h e  t r a j e c t o r i e s  becomes g rea t e r  than - at  f = 0,  t h e  value of 

equation (5.2) w a s  decreased and t h e  procedure r e s t a r t e d .  

I f  t h e  1 +11 of one 

6 i n  
IT 
2 

By varying 6 

according to  the  above procedure, t h e  l a r g e s t  i nva r i an t  closed curve w a s  

formed. Such inva r i an t  closed curves and assoc ia ted  inva r i an t  sur face  

are shown schematically i n  Figure 41. 
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IT The l imi t ing  value of I 
For t h e  ' k # 0 cases, t h e  value of 

sa te l l i te  "tumbles" out  of a p a r t i c u l a r  lock,  is  not  evident.  

< -2" at  f = 0 w a s  not a r b i t r a r i l y  se lec ted .  

4 $11 t h a t  can be to l e ra t ed  before  t h e  

Consequently, 

a numerical study w a s  conducted t o  inves t iga t e  t h e  inva r i an t  curves i n  

the  neighborhood of I $1 I - - - a t  f = 0. 

r o t a t i o n a l  locks,  o r b i t  e c c e n t r i c i t i e s ,  and sa te l l i t e  parameters w e r e  

71 
I n  t h i s  s tudy,  a v a r i e t y  of 

s e l ec t ed  from the  po in t s  shown t o  be v a r i a t i o n a l l y  s t a b l e  i n  Sect ion 4.  

For each of these  cases, i n i t i a l  condi t ions (5.2) w e r e  found t h a t  produced 

the  maximum inva r i an t  su r f ace  i n s i d e  the  bounds I 4 I < - a t  f = 0. 

conditions s l i g h t l y  l a r g e r  than these  inva r i an t  sur faces  w e r e  s e l ec t ed  

71 I n i t i a l  1 - 2  

and values  of $ w e r e  s tud ied  ca re fu l ly  f o r  many o r b i t s .  The r e s u l t s  

ind ica ted  t h a t  once I $  I exceeded - 1 2 

p a r t i c u l a r  r o t a t i o n a l  lock inves t iga t ed  s ince  I +  I a t  subsequent values  

of f = 0 became g rea t e r  than 2 ~ r  f o r  every case examined. Figure 42 

shows t h e  values  of I at f = 0 versus  t h e  number of o r b i t s  f o r  

several t y p i c a l  cases where 6 w a s  chosen s l i g h t l y  l a r g e r  than the  

1 
IT a t  f = 0, t h e  sa te l l i t e  l e f t  t he  

1 

* -  
maximum o r  l i m i t i n g  inva r i an t  curves a t  f = 0. It i s  i n t e r e s t i n g  t o  

note  t h a t  one case w a s  found, n = 10, a = 3, e = 0.3, i n  which t h e  

sa te l l i t e  c l e a r l y  l e f t  t h e  5 / 1  lock and several o r b i t s  later ac tua l ly  

re turned momentarily t o  the  same "lock". 

out  t h a t  f o r  each case inves t iga t ed  t h e  angular v e l o c i t i e s  $ a t  f = 0 

It should a l s o  be  pointed 
r 

1 
71 f o r  t h e  o r b i t s  where > w e r e  i n  t h e  same general  region as f o r  

t h e  o r b i t s  where I $,I<; . 
There i s  a d e f i n i t e  r e l a t ionsh ip  between inva r i an t  sur faces  and 

per iodic  so lu t ions .  A poin t  whose i n i t i a l  values  l i e  i n s i d e  an inva r i an t  
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sur face  w i l l  generate  another i nva r i an t  surface.  The property of 

uniqueness which s p e c i f i e s  t h a t  no two t r a j e c t o r i e s  i n t e r s e c t ,  re- 

qu i r e s  t h a t  the  inne r  i nva r i an t  su r f ace  must l i e  completely wi th in  

the  ou te r  i nva r i an t  surface.  By generat ing smaller ans smaller 

inva r i an t  sur faces ,  i t  becomes apparent t h a t  t h e  l imi t ing  inva r i an t  

sur face  must have zero cross-sect ional  area and be  a per iodic  so lu t ion .  

Figure 43 i l l u s t r a t e s  t h e  nes t ing  of i nva r i an t  sur faces  f o r  a par- 

t i c u l a r  case by showing t h e i r  cross-sect ions at f = 0. 

A po in t  ou t s ide  an inva r i an t  su r f ace  w a s  found t o  generate 

another i nva r i an t  su r f ace  completely encompassing t h e  f i r s t  provided 

IO1[ The s ign i f i cance  of t h e  l i m i t -  2 

ing  i n v a r i a n t  sur face  is  t h a t  i t  represents  a l l  poss ib l e  angular d i s -  

placements 9 and angular v e l o c i t i e s  Cp throughout t h e  o r b i t  t o  

which a satel l i te  can be subjected and s t i l l  remain i n  t h e  same ro- 

7r remained less than - a t  f = 0. 

1 

1 1 

t a t i o n a l  lock. 

Typical examples of t h e  cross-sections of maximum inva r i an t  

sur faces  at  f = 0, 90, 180, 270 degrees are shown i n  Figures 44 ,  45 ,  

46, and 47. A s  ind ica ted  by these  two cases ,  t h e  cross-sections of 

t h e  maximum inva r i an t  sur faces  f o r  t h e  higher  r o t a t i o n a l  locks a t  

var ious values  of f are not approximately e l l i p t i c a l  as w a s  t h e  

case f o r  t h e  1/1 r o t a t i o n a l  lock. It w a s  a l s o  not iced t h a t  t he  

devia t ion  from an e l l i p t i c a l  cross-sect ion increased as t h e  satel l i te  

parameter a increased. 

Throughout a satel l i te ' s  l i f e t i m e  many types of dis turbances 

may inf luence  i t s  motion. A t  a p a r t i c u l a r  p o s i t i o n  i n  o r b i t  impulsive 
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type loadings poss ib ly  caused by meteor i te  c o l l i s i o n s  would tend t o  

increment t h e  satell i tes ve loc i ty  where the  angular  displacement would 

remain e s s e n t i a l l y  constant .  On the  o ther  hand, dis turbances from 

other  bodies,  s o l a r  r a d i a t i o n  e f f e c t s ,  and o ther  less impulsive type 

forces  may have t h e  e f f e c t  of incrementing both the  angular ve loc i ty  

and angular displacement of t he  satel l i te .  A s  ind ica ted  by Figures 

45 and 47,  t h e  s t a b i l i t y  of a sa te l l i t e  performing pe r iod ic  motion 

i n  a r o t a t i o n a l  lock therefore  depends not  only on t h e  p a r t i c u l a r  

r o t a t i o n a l  lock, n, t h e  o r b i t  e c c e n t r i c i t y ,  e ,  the  satel l i te  parameter, 

a, and pos i t i on  i n  o r b i t  f ,  but  a l s o  on the  type of dis turbance en- 

countered. 

I n  order  t o  convey as concisely as poss ib l e  a meaningful 

evaluat ion of t h e  s i z e  of t he  var ious  maximum inva r i an t  sur faces  

constructed,  a conservat ive and l i b e r a l  estimate of t h e i r  respec t ive  

s i z e s  w i l l  be  presented. The conservat ive estimate w a s  found by 

measuring t h e  p o s i t i v e  and negat ive increment from t h e  per iodic  

so lu t ion  along t h e  $I 

These values  were found t o  be as s m a l l  o r  smaller than t h e  values  

I 

a x i s  t o  t h e  maximum inva r i an t  sur face  a t  f = 0. 1 

found throughout t h e  o r b i t  i n  t h e  same manner and consequently 

represent  a conservat ive estimate of t h e  s i z e  of t h e  inva r i an t  sur- 

faces .  The l i b e r a l  estimates of t h e  s i z e  of t h e  maximum inva r i an t  

sur faces  w e r e  found by measuring t h e  p o s i t i v e  and negat ive d is tances  

from t h e  pe r iod ic  s o l u t i o n  t o  the  f a r t h e s t  ex t remi t ies  of t he  inva r i an t  

surface.  An i l l u s t r a t i o n  of these  measurements appears i n  Figure 4 8 .  

5.2 Small a Ver i f i ca t ion  

, ind ica ted  by e i t h e r  of t he  The change i n  angular velocity,A - d% 
df 
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is  converted $1 above estimates can be discussed more e f f e c t i v e l y  i f  A- 

t o  t h e  change i n  absolu te  angular  ve loc i ty  A 

expressed i n  Sect ion 2,  t h e  change i n  absolu te  angular  ve loc i ty  divided 

by p can be w r i t t e n  

df 

. Using t h e  d e f i n i t i o n s  d t  

where p = 

2 
- e -  df A(>) = ( 1 + e cos f )  

2 312 P dM 
( 1 - e )  

Since 

i n e r t i a  C 

- $" is  t h e  mean d a i l y  motion. 
I 
0 

t he  change i n  absolu te  angular  ve loc i ty  t i m e s  t h e  moment of 

and the  change i n  angular momentum, H, are i d e n t i c a l ,  t h e  

(5 3) 

change i n  angular  momentum divided by 

form of equation (5.3). 

Cp can a l s o  be w r i t t e n  i n  the  

Equation (3.8) ind ica t e s  t h a t  f o r  s m a l l  a t h e  maximum p o s i t i v e  

o r  negat ive change i n  absolu te  angular ve loc i ty  from a constant  absolu te  

angular rate which allows t h e  sa te l l i t e  t o  remain i n  a s p e c i f i c  r o t a t i o n a l  

lock can be w r i t t e n  

For s m a l l  values  of a , a comparison between t h e  numerical phase space 

ana lys i s  and the  a n a l y t i c a l  r e s u l t s  of Section 3 can be made using 

equations (5.3) and (5.4). For t h i s  comparison, t h e  values  of o r b i t  

e c c e n t r i c i t y  which produced t h e  s t ronges t  lock from Table I were 
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se l ec t ed  f o r  several r o t a t i o n a l  locks. It w a s  found t h a t  the  conservative 

and l i b e r a l  estimates of t he  maximum inva r i an t  sur faces  f o r  t he  cases 

a = 0.0015 and 0.00015 w e r e  approximately t h e  same throughout t h e  o r b i t  

i nd ica t ing  near  constant  e l l i p t i c a l  type cross-sections.  Figure 49 

ind ica t e s  t h e  p o s i t i v e  and negat ive changes i n  absolute  angular ve loc i ty  

obtained from t h e  maximum inva r i an t  sur face  and equation (5.3) f o r  t h e  

values  0.0015 and 0.00015. Figures 49 and 3 compare favorably taking 

i n t o  account t h a t  equat ion (5.4) involves the  square root  of 9 . Table 

111 i nd ica t e s  t he  percent  e r r o r  found between t h e  phase space and ana- 

l y t i c a l  r e s u l t s  f o r  t h e  t h r e e  a values  of 0.015, 0.0015, and 0.00015. 

For t h e  a = 0.015 case, t h e  maximum inva r i an t  sur face  deviated from 

an e l l i p t i c a l  type cross-section. The e r r o r  i s  given by the  average 

value of t h e  conservat ive and l i b e r a l  estimates a t  f = 0. Also from 

Table 111, an estimate of t h e  s i z e  of a 

r e s u l t s  t o  remain va l id .  

n 

can be obtained f o r  t h e  a n a l y t i c a l  

The v a r i a t i o n a l  s t a b i l i t y  ana lys i s  of Section 4 ind ica ted  t h a t  a l l  

r o t a t i o n a l  locks inves t iga ted  with e 

a x i s  f o r  which pe r iod ic  so lu t ions  w e r e  v a r i a t i o n a l l y  s t ab le .  To obta in  

an estimate of t h e  s t r eng th  of r o t a t i o n a l  locks i n  t h i s  region,  con- 

servative and l i b e r a l  estimates of t h e  s i z e  of t h e  maximum inva r i an t  

sur faces  f o r  several r o t a t i o n a l  locks a t  a = 0.05 w e r e  inves t iga ted .  

Figure 50 i l l u s t r a t e s  t h e  conservat ive estimates of t h e  p o s i t i v e  and 

negat ive changes i n  angular momentum versus the  o r b i t  e c c e n t r i c i t y  f o r  

t h e  r o t a t i o n a l  locks n = 2, 3, 5 ,  10, and 20. Figures  51-55 on the  o the r  

hand show t h e  l i b e r a l  estimates of t h e  p o s i t i v e  and negat ive changes i n  

n22 had a narrow region near  t h e  



30 

momentum f o r  var ious o r b i t  e c c e n t r i c i t i e s  throughout t h e  o r b i t  f o r  

t h e  r o t a t i o n a l  locks n = 2, 3, 5, 10, and 20. Although many t rends  

of t h e  a n a l y t i c a l  r e s u l t s  of Sect ion 3 are s t i l l  present ,  i t  i s  

apparent from these  f i g u r e s  t h a t  f o r  t h e  case of a = 0.05, t h e  

a n a l y t i c a l  r e s u l t s  are not  va l id .  These f igu res  a l s o  i n d i c a t e  t h a t  

f o r  a = 0.05, t h e  s t r eng ths  of t h e  higher  locks f o r  var ious values  

of e c c e n t r i c i t y  and o r b i t  pos i t i on  are of approximately t h e  same 

s t r eng th  as the  1/1 r o t a t i o n a l  lock. 

5.3 Large a 

For a ?  0.1, t h e  v a r i a t i o n a l  s t a b i l i t y  cha r t s  of Section 4 ,  Figures 

25-38, i n d i c a t e  t h a t  a l l  r o t a t i o n a l  rates inves t iga t ed ,  with t h e  ex- 

cept ion of t he  n = 1 case, have regions t h a t  are v a r i a t i o n a l l y  s t a b l e .  

These s t a b i l i t y  regions can, i n  genera l ,  be represented by a reas  about 

l i n e s  of constant  e c c e n t r i c i t y .  Consequently, i t  w a s  f e l t  t h a t  a phase 

space ana lys i s  of po in t s  lying along these  l i n e s  of constant e c c e n t r i c i t y  

f o r  var ious r o t a t i o n a l  locks would serve as rep resen ta t ive  estimates of 

t he  s t r eng ths  of t hese  r o t a t i o n a l  locks.  The l i n e s  of constant  e c c e n t r i c i t y  

and assoc ia ted  r o t a t i o n a l  locks,  n ,  examined w e r e  n = 20, e = 0.5; n = 10, 

e = 0.3, n = 5, e = 0.1; and n = 2, e = 0.1  f o r  t h e  n22 cases and n = 0, 

e = 0.4; n = 2,  e = 0.5; and n = - 10,  e = 0.7 f o r  t he  n<2 cases.  

Figures  56 and 57 show t h e  conservat ive estimates of t he  p o s i t i v e  

and negat ive  changes i n  momentum f o r  t h e  cases n22 and 1252 respec t ive ly .  

The l i b e r a l  estimates of t he  changes i n  momentum are shown i n  Figures 58- 

60 f o r  1322 and i n  Figures 61-63 f o r  1-152. The case n = 2 (1/1 ro- 

t a t i o n a l  lock) wi th  

with t h e  o the r  r o t a t i o n a l  locks.  

e = 0.1  i s  presented on each f i g u r e  f o r  comparison 
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These f igu res  i n d i c a t e  t h a t  f o r  t h e  cases inves t iga ted ,  t h e  1/1 

r o t a t i o n a l  lock is  i n  general  s t ronger  than t h e  h igher  r o t a t i o n a l  locks 

p a r t i c u l a r l y  f o r  very l a r g e  values  of a. However under c e r t a i n  circum- 

s tances ,  t h e  higher  r o t a t i o n a l  locks can be as s t rong  as the  1/1 ro- 

t a t i o n a l  lock. Care must be taken when making t h i s  observation by 

noting t h a t  f o r  o r b i t s  of higher  e c c e n t r i c i t y ,  t h e  s t r eng th  of t h e  

1/1 r o t a t i o n a l  lock i s  g rea t ly  reduced (23) .  

A l a r g e  number of po in t s  which w e r e  shown t o  be  v a r i a t i o n a l l y  

unstable  ( a > 1) i n  Section 4 w e r e  i nves t iga t ed  using the  phase I 111 
space ana lys i s  presented i n  the  cur ren t  sec t ion .  The s t a b i l i t y  of a l l  

po in ts  inves t iga ted  using the  phase space ana lys i s  (with the  exception 

of two) w e r e  found t o  be  uns tab le  as an t i c ipa t ed  ( i . e .  no inva r i an t  

sur face  could be constructed f o r  values  of 6 0.00004). 

The two cont rad ic tory  cases mentioned above w e r e  f o r  n = 10, 

a = 0.05, e = 0.8 and n = 20, a = 0.05, e = 0.7 f o r  which all I I was 
1 .17  and 1.13 respec t ive ly .  For these  cases inva r i an t  sur faces  were 

found about t h e i r  respec t ive  pe r iod ic  so lu t ions .  

two cases appears t o  be  except ional  and a t  present  d i f f i c u l t  t o  explain.  

The discovery of t hese  two cases l e d  t o  f u r t h e r  i nves t iga t ions  where 

1.0 5 lalll <1.20 f o r  many combinations of a , e,  and n. A l l  of these  

add i t iona l  cases w e r e  found t o  corroborate  t h e  r e s u l t s  of t h e  v a r i a t i o n a l  

ana lys i s .  

The behavior of these  

6. CONCLUSIONS 

6 . 1  Summary of Resul ts  

S tab le  o r  locked-in planar  r o t a t i o n a l m o t i o n  at  sp in  rates of n/2 
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(where n i s  an in t ege r )  sa te l l i te  r o t a t i o n s  per  o r b i t  revolu t ion  are 

shown t o  e x i s t  f o r  s p e c i f i c  combinations of sa te l l i te  parameter, a, 

and o r b i t  eccen t r i c i ty ,  e. Analyt ic  r e s u l t s  were obtained f o r  t h e  

case of s m a l l  a which ind ica ted  t h a t  t he  s t r e n g t h  of t h e  higher  

r o t a t i o n a l  locks (n>3) are g rea t e r  than t h e  s t r eng th  of t h e  1/1 ro- 

t a t i o n a l  lock f o r  proper combinations of lock number, n, and o r b i t  

eccen t r i c i ty .  Comparison of t h e  r e s u l t s  f o r  t he  case of t he  p l ane t  

Mercury are shown t o  be i n  good agreement with both observations of 

t he  p l ane t  and t h e  numerical r e s u l t s  of Liu. 

Numerical r e s u l t s  w e r e  obtained f o r  r ep resen ta t ive  values through- 

out  t he  range of t h e  satel l i te  parameter a. Odd   IT and   IT per iodic  

so lu t ions  are found f o r  various combinations of a ,  e,  and n and 

the  s t a b i l i t y  of these  so lu t ions  presented. In general ,  i t  i s  shown 

t h a t  f o r  values  of a no t  s m a l l ,  t h e  s t a b l e  pe r iod ic  so lu t ions  occur 

a t  e c c e n t r i c i t i e s  which tend t o  increase  as t h e  absolu te  value of t he  

lock number In1 increases .  Conservative and l i b e r a l  estimates of t h e  

s t r eng ths  of t hese  locks are presented which i n d i c a t e  t h a t  f o r  l a r g e r  

values  of a t h e  lock s t r eng th  is  i n  general  considerably less than 

t h a t  of t h e  1/1 r o t a t i o n a l  lock. 

When regions of i nves t iga t ion  f o r  t he  var ious a n a l y t i c a l  and 

numerical techniques employed overlapped, t h e  r e s u l t s  w e r e  compared 

and found t o  agree.  

t h e  case of t h e  1/1 r o t a t i o n a l  lock, subs t an t i a t ed  o the r  published re- 

s u l t s .  

The numerical programs w r i t t e n ,  when reduced t o  
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6.2 Physical  Explanation 

For s m a l l  a , t h e  curves of Figure 3 i n d i c a t e  t h a t  f o r  each 

r o t a t i o n a l  lock the re  i s  a p a r t i c u l a r  e c c e n t r i c i t y  associated with 

the  s t ronges t  lock. For l a r g e r  values  of a, Figures 32-38 show 

t h a t  the  r o t a t i o n a l  locks (103) occur only f o r  s p e c i f i c  i n t e r v a l s  of 

eccen t r i c i ty .  I n  both cases, these  values  of e c c e n t r i c i t y  tend t o  

increase  as the  value of the  lock number, n, increases .  A poss ib l e  

explanat ion f o r  t h i s  motion could be t h a t  t he  absolu te  angular ve loc i ty  

of t h e  satel l i te  at tempts  t o  match t h e  angular rate of t h e  o r b i t  at 

some po in t ,  e spec ia l ly  near  pe r i cen te r  where the  i n t e r a c t i o n  between 

t h e  satel l i te  and t h e  a t t r a c t i n g  body is  s t ronges t .  This apparent 

i n t e r a c t i o n  a t  pe r i cen te r  i s  shown i n  Figure 64 f o r  t he  

so lu t ion  found f o r  t h e  case n = lO,a = 1.0, e = 0.4. 

27r pe r iod ic  

The angular rate of t h e  rad ius  vec tor  t o  t h e  s a t e l l i t e  can be 

expressed as (30) 

n L (1 +- e cos f )  - df 
dM 
- -  

df Figure 65 i s  a p l o t  of t h e  angular rate of t he  rad ius  vec tor  - dM 
versus t h e  e c c e n t r i c i t y  of the  o r b i t ,  e, f o r  t he  value of t r u e  anomaly 

f = 0. Also p l o t t e d  f o r  each r o t a t i o n a l  lock are t h e  p a r t i c u l a r  values  

of e c c e n t r i c i t y  which produce t h e  s t ronges t  lock from Table 1 f o r  s m a l l  

a , and t h e  approximate i n t e r v a l s  of e c c e n t r i c i t y  from Figures 32-38 

f o r  l a r g e r  values of a. Figure 65 ind ica t e s  t h a t  n e i t h e r  of t h e  above 
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cases coincides i d e n t i c a l l y  w i t h  t he  f = 0 curve, but  t h a t  t he  t rends  

f o r  both cases are s i m i l a r  t o  t h a t  of t h e  angular rate of t h e  o r b i t  

a t  pe r i cen te r  . 
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F i g u r e  1 - Seornctry 0% the Problem 
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Figure 2 - Variat ion o f  G2(e) w i t h  Eccentricity 
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Figure 9 - I n i t i a l  Derivative Required t o  Froduce 2VPer iodic  
S o l u t i o n s  ( n = -4 ) 
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Figure 70 - I n i t i a l  Derivative Required t o  Produce 2n Periodic 
So lu t ions  ( n = -2 } 



48 

Figure 11 - I n i t i a l  Der iva t ive  Reqilired t o  Produce 277 P e r i o d i c  
So lu t ions  ( n = O ) 
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TABLZ I1 - 'Yne numerical r e s u l t s  of Liu ( 2 1 )  compared 
to the analytical r e s u l t s  of the srrall e 
and arbi t rary e cases f o r  e = 0.206 and 
n = 3. 

period of loxer limit upper 1 i m i -E- 
osclllation of' rotatkonal of ro t a t io i i a l  - years ___l__&p e r ioci-days per' i o_d;l_u_- 

small e ( K  ) n 73.31 58 . 518 58.726 

2 a = 0 . 0 0 0 0 0 ~  

numr i cal 25 58.260 59 - 037, 
small e 23.18 58.243 59 056 

nu me r 1 c a9. 8 57 383- 59,911 

small e 7.33 57 * 388 59 4 961 

arbitrary e 7.69 57 4tC6 59 898 

-a2 = O , O O O ~ O O  
-- 

numerical - Liu  (21) 

small. e - 3 q u a t i o n s  (3.27) 2nd ( 3 e 2 8 )  

a r b i t r a r y  e - Equations (3*14) an4 ( 3 . 2 0 )  
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TMLE I11 - Comparison of Analytical t o  Numrical R e s u l t s  

Analytical change Numerical change $ Z r r o r  
in angular in angular 
nonlentum momentun! 

equation (505) equation (5 ,4)  

n=2, e==O.O 0 . O122Ll.7 O a O 1 2 2 0  0,4 
11=3* e-20.4196 0.0115127 0 01185 0.6 
n=5 e=O. 6216 O m Olk17O 0.01400 1.2 
wl0, e=0,77?r4 0,OlSggg 0 m 01889 0,6 
n=2G, e=0,8?20 0.026398 0.02569 2.7 

a= 0.0015 

a= 0.015 

Average of the p o s i t i v e  and neg’ative conservative and 9 

positive and negative liberal estimatestat f = 0, 
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A STUDY OF SPACECRAFT POWERPLANT CONDENSERS 

One proposed s p a c e c r a f t  power genera t ion  technique  i s  a nuc lea r  

r e a c t o r / r a n k i n e  c y c l e  system. 

t o  i t s  surrounding environment, an e f f i c i e n t  s p a c e c r a f t  condenser t o  

accomplish t h i s  h e a t  r e j e c t i o n  i s  necessary .  The condenser should b e  

r e l a t i v e l y  l igh t -weight ,  t hus  n e c e s s i t a t i n g  h i g h  h e a t  t r -ansfer  c o e f f i -  

c i e n t s  f o r  t h e  condensat ion process .  One method of achiev ing  h igh  

Since a rankine c y c l e  must reject h e a t  

h e a t  t r a n s f e r  c o e f f i c i e n t s  i s  t o  have t h e  working f l u i d  condense a t  

h igh  v e l o c i t i e s  i n s i d e  of s m a l l  d iameter ,  e x t e r n a l l y  cooled tubes.  The 

a n a l y s i s  of t h e  t u r b u l e n t ,  two-phase, annular-mist  f low regime which 

nonnal ly  occurs  i n  t h i s  s i t u a t i o n  i s  of major  concern i n  t h i s  r e p o r t .  

The r e s u l t s  of t h e  a n a l y s i s  show t h e  e f f e c t  of va r ious  parameters  on 

t h e  t u r b u l e n t  condensat ion of steam i n  siiiall t ubes .  It w a s  a l s o  a n t i -  

c ipa t ed  t h a t  a n a l y t i c a l  r e s u l t s  could a l s o  be provided f o r  working 

f l u i d s  o t h e r  than  water, however, they  were no t  complete a t  t h e  t i m e  

of t h i s  r e p o r t .  

For t h e  r e a d e r  i n t e r e s t e d  i n  f u r t h e r  d e t a i l s  on t h e  a n a l y t i c a l  

work r epor t ed  h e r e ,  and on some r e l a t e d  exper imenta l  work c a r r i e d  out  

on ano the r  g r a n t ,  the  fc l lowing  Masters Theses and Ph.D. D i s s e r t a t i o n  

would b e  use fu l .  
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I. INTRODUCTION 

Any combination - s o l i d - l i q u i d ,  so l id-gas ,  o r  l iqu id-gas  - i n  

motion c o n s t i t u t e s  a two-phase flOF7. 

has  been p laced  on l iqu id-gas  fl0W s i n c e  a thorough unders tanding  of t h i s  

Recent ly ,  cons ide rab le  emphasis 

t ype  f low i s  necessa ry  i n  t h e  des ign  and a n a l y s i s  of r e f r i g e r a t i o n  c y c l e s ,  

.condensers ,  evapora to r s ,  b o i l e r s ,  and, more r e c e n t l y ,  t o  space  technology 

and n u c l e a r  r e a c t o r  r e sea rch .  I n  t h e s e  i n v e s t i g a t i o n s ,  t h e  c a l c u l a t i o n  

of two-phase p r e s s u r e  drop and h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  are of utmost 

importance.  

A .  Two-Phase Liquid-Gas F~OWS 

Seve ra l  p o s s i b l e  flow regimes are known t o  e x i s t  f o r  t h e  flow 

O f  t h e  many types  l i s t e d  i n  t h e  l i t e r a -  
, 

of a l i q u i d  and gas  i n  a d u c t .  

t u r e ,  t h e  f lows are, i n  gene ra l ,  c l a s s i f i e d  as one o r  a combination of 

.several of ' f i v e  main regimes - s t r a t i f i e d  f low,  bubble  f low,  s l u g  f low,  

annu la r  f low,  and mist flow. . 
Two-phase flows may a l s o  b e  ca t egor i zed  as one-component o r  

multi-component f lows .  The term multi-component i s  used t o  d e s c r i b e  f lows  

i n  which t h e r e  are  more than  one molecular  s p e c i e s ,  such as air-water o r  

o i l - n a t u r a l  gas  f lows.  Furthermore,  two-phase f lows nay be  e i t h e r  diaha-  
1 

t i c  where h e a t  is  exchanged wi th  t h e  sur roundings  o r  a d i a b a t i c .  

The p a r t i c u l a r  f low s t u d i e d  i n  t h i s  r e p o r t  i s  a d i a b a t i c  one- 

component f low,  and i t  i s  a combination o'f t h e  annular  f low and mist f low 

regimes termed two-phase, annular-mist  f low.  It may b e  descr ibed  as t h e  

confined concurren t  f low of a vapor  and a l i q u i d  i n  a c i r c u l a r  duc t  where 

a p o r t i o n  of t h e  l i q u i d  flows i n  a low v e l o c i t y  annular  f i l m  i n  con tac t  

1 
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wi th  t h e  duc t  w a l l ,  wh i l e  t h e  remainder of t h e  l i q u i d  f lows  2s en t r a ined  

p a r t i c l e s  i n  a r e l a t i v e l y  h igh  v e l o c i t y  gaseous core .  The f low e n t e r s  t h e  

duc t  as a pure vapor .  Due t o  t h e  cool ing  a t  t h e  duc t  w a l l ,  t h e  vapor  

begins  t o  condense and t h e  two-phase, annular-mist  p a t t e r n  forms. 

densa t ion  ‘process  cont inues  u n t i l  t h a t  p o i n t  where l i q u i d  flows a lone  i n  

t h e  duc t .  

The con- 

The des ign  of h igh  performance, h i g h  vapor  v e l o c i t y  i n t e r n a l  

f low tube  condensers w i l l  depend on how a c c u r a t e l y  t h e  two-phase p r e s s u r e  

drop and h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  can b e  c a l c u l a t e d .  

p r e d i c t i o n s  of two-phase, annular-mist  f low have been proposed t o  d a t e .  

Many a n a l y t i c a l  

Most models o f f e r  s i m p l i c i t y  a t  t h e  expense of s u f f i c i e n t  accuracy.  

is  t h e  purpose of t h i s  r e p o r t  t o  p r e s e n t  a model t h a t  a c c u r a t e l y  p r e d i c t s  

It 
- -  

t h e  two-phase, annular-mist  f low system descr ibed  previous ly .  

hoped t h a t  p a r t s  of t h i s  t h e s i s  wi1.l s t i m u l a t e  f u r t h e r  developments i n  t h i s  

A l s o ,  i t  is 

area which i s  s t i l l  l ack ing  i n  u s e f u l  a n a l y t i c a l  and exper imenta l  tech-  

n iques .  

B. Review of L i t e r a t u r e  

Most of t h e  two-phase f low l i t e r a t u r e  p r e s e n t l y  a v a i l a b l e  is  

based on two-component,gas-liquid systems wi th  no condensat ion o r  mass 

t r a n s f e r .  The t r a d i t i o n a l  f low maps of Baker [l], Vohr [2 ] ,  and Alves [3] 

are g e n e r a l l y  accepted f o r  p r e d i c t i n g  t h e  cond i t ions  under which v a r i o u s  

flow p a t t e r n s  occur .  Although t h e r e  i s  some d iscrepancy  i n  t h e  f low m a p s  

of t h e  va r fous  au tho r s ,  t h e  annular-mist  rzgime f o r  an air-water mix tu re  

f lowing a d i a b a t i c a l l y  i n  a tube  i s  a s s o c i a t e d  wi th  gas v e l o c i t i e s  i n  ex- 

cess of 100 f e e t  pe r  second and annular  l i q u i d  v e l o c i t i e s  i n  t h e  range  0 .1  
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t o  10 f e e t  per  second. 

repor ted .  Most I ~ v e s t i g a t o r s  assume t h e  condensing process w i l l  no t  al ter 

t h e  flow regime maps. It seems poss ib le ,  f o r  example, t h a t  t h e  l i q u i d  may 

not w e t  t h e  su r face  macroscopically. 

quid d r o p l e t s  which would be swept  o f f  t h e  su r face  by t h e  high v e l o c i t y  

gas  stream. I f  t h i s  dropwise condensation were t o  predominate, a m i s t  

type flow could e x i s t  where 'annular flow would normally be predicted.  

The e f f e c t  of hea t  t r a n s f e r  on t h e  system is  not 

The condensate would then  form li- 

A 

discuss ion  of dropwise condensation may be found i n  re ference  [ 4 ] .  

Much of t h e  e a r l y  l i t e r a t u r e  i n  two-phase flow is  devoted t o  

p red ic t ing  two-phase pressure  drop without regard t o  t h e  type of flow 

pa t t e rn .  The pioneer publ ica t ions  of Lockhart and M a r t i n e l l i  [5] and 

M a r t i n e l l i  and Nelson [SI are good examples where semi-empir ica l  f r i c -  

t i o n a l  pressure  drop c o r r e l a t i o n s  are presented without re ference  t o  flow 

p a t t e r n s .  Some i n v e s t i g a t o r s  17, 8, 91 r epor t  t h a t  i t  is not uncommon t o  

3. encounter e r r o r s  of - 100% while applying these  co r re l a t ions  t o  two-phase 

annular flows. 

f i e l d ,  much e f f o r t  i s  spent on modifications and improvements of t h a t  

method t o  apply t o  a s p e c i f i c  problem. For example, McMillan et a l .  191 

proposed a modification of t h e  Lockhart-Nartinell i  c o r r e l a t i o n  which in- 

cludes t h e  i n t e r f a c i a l  shear stress f o r  use  i n  annular flows. Wallis [lo] 

A s  with any method which l eads  t h e  way i n  a p a r t i c u l a r  

in t roduces  a modification f o r  hydros t a t i c .p re s su re  forces .  However, t h e  

fact t h a t  numerous i n v e s t i g a t o r s  are s t i l l  applying t h e  o r i g i n a l  cor re la -  

t i o n  t o  any number of flow p a t t e r n s  c l e a r l y  po in t s  out t h a t  improved 

methods a r e  needed f o r  t h e  determination of two-phase pressure  drop. 

More r ecen t ly ,  most of t h e  l i t e r a t u r e  published i n  t h e  f i e l d  

of two-phase flow has  been concerned with e i t h e r  one flow p a t t e r n  o r ,  a t  
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t h e  most, two r e l a t e d  f low p a t t e r n s .  Wifhin t h e  s p e c i a l t y  of two-phase, 

annular-mist  f low i t s e l f ,  t h e r e  i s  a weal th  of l i t e r a t u r e ,  e s p e c i a l l y  

a d i a b a t i c  two-component f lows.  

is  suggested t h a t  t h e  r eade r  r e f e r  t o  t h e  l i t e r a t u r e  surveys  of Gouse [Ill 

Rather  t han  t r y  t o  l ist  a l l  sou rces ,  i t  

and Caughron [7] and t h e  t e x t s  of Tong [12] and Wallis [13 J . Neverthe- 

less several of t h e  mor'e s i g n i f i c a n t  r e f e r e n c e s  should b e  mentioned, 

e s p e c i a l l y  those  p e r t a i n i n g  t o  condens?-ng f10WS, 

d i scussed  i n  d e t a i l  i n  t h e  remaining s e c t i o n s  of t h i s  r e p o r t .  

many of which w i l l  b e  

The p r e s s u r e  drop and h e a t  t r a n s f e r  i n  annu la r  two-phase f lot7 

systems are a f f e c t e d  by t h r e e  f a c t o r s  - f r i c t , i o n ,  monientum, and g r a v i t y .  

Soliman e t  a l .  [14], Andeen and G r i f f i t h  [15], and Carpenter  and Colburn 

[16] d i s c u s s  t h e  relative c o n t r i b u t i o n  of t h e s e  f a c t o r s  t o  t h e  two-phase 

p r e s s u r e  drop i n  condensing f lows .  F r i c t i o n  doininates a t  h igh  and i n t e r -  

mediate  q u a l i t i e s ,  d n i l e  t h e  c o n t r i b u t i o n  due t o  t h e  monientum f l u x  becomes 

i n c r e a s i n g l y  important  a t  h igh  d e n s i t y  r a t i o s  ( l i q u i d  t o  vapor)  and can  

dominate i n  t h e  low q u a l i t y  r eg ion .  

depend on t h e  o r i e n t a t i o n  of t h e  system. ..For v e r t i c a l  downward f lows ,  

t h e  c o n t r i b u t i o n  of g r a v i t y  is  normally n e g l i g i b l e  f o r  a l l  b u t  low qual- 

i t i es  [14, 16,  171. 

t h a t  s lugg ing  and plugging of t h e  t u b e  can occur  due t o  f o l d i n g  and run- 

The e f f e c t  of g r a v i t y  ~i5.11 n a t u r a l l y  

For v e r t i c a l  upward condensing f lows ,  i t  is  known 

.back of t h e  l i q u i d  f i l m .  

d i scussed  by P l e t c h e r  and Mcllanus [18]. 

The e f f e c t  of g r a v i t y  on h o r i z o n t a l  systems i s  

A s  long as t h e  gas  v e l o c i t y  is  

h igh  enough t o  ma in ta in  t h e  annular-mist  f low p a t t e r n ,  g r a v i t y  e f f e c t s  

are n e g l i g i b l e  i n  h o r i z o n t a l  systems. 

Of utmost importance i n  determining t h e  'two-phase p r e s s u r e  drop 

arid h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  i n  annular  f l o v  i s  t h e  a b i l i t y  t o  p r e d i c t  
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accura te  w a l l  and i n t e r f a c i a l  shear stresses. Analy t ica l  p red ic t ions  

of t hese  shear  stresses a r e  complicated, s i n c e  t h e  i n t e r a c t i o n  of t h e  

slow moving l i q u i d  and t h e  high speed gas r e s u l t s  i n  i n t e r f a c i a l  wave 

c h a r a c t e r i s t i c s  which are not w e l l  understood. The presence of i n t e r -  

f a c i a l  waves has been v e r i f i e d  by many inves t iga to r s .  

E191 present  photographs of t h e  i n t e r f a c i a l  waves f o r  an air-water mix- 

t u r e .  For single-component condensing flow, t h e  recent  experimental 

i n v e s t i g a t i o n  of T a l i a f e r r o  [20]  presents  wave amplitude and frequency 

measurements. 

to methods f o r  p red ic t ing  i n t e r f a c i a l  wave c h a r a c t e r i s t i c s .  U n t i l  t h a t  

H e w i t t  and Roberts 

Further i nves t iga t ions  of t h i s  na tu re  may eventua l ly  l ead  

time, analyses must be  based on models t h a t  assume a time-averaged annular 

l i q u i d  f i l m  with a smooth gas-1 iquid . in te r face .  The e x i s t i n g  w a l l  and 

i n t e r f a c i a l  shear stress c o r r e l a t i o n s  are based on t h i s  type of model. 

The w a l l  shear  stress c o r r e l a t i o n  of Kammula [21]  is  based on t h e  equa- 

t i o n s  normally used i n  single-phase flow modified t o  account f o r  high 

i n t e r f a c i a l  shear stress and m a s s  t r a n s f e r .  Dukler [ 2 2 ]  and Hilding [23] 
. -  

have presented semi-empirical w a l l  shear  stress c o r r e l a t i o n s  which account 

€o r  t h e  h igh  tu rbu len t  i n t e n s i t i e s  i n  t h e  time-averaged l i q u i d  f i l m  t h a t  

are-a consequence of t h e  i n t e r f a c i a l  behavior. 

An i n t e r f a c i a l  shear stress c o r r e l a t i o n  i s  presented by Levy [ 2 4 ] .  

The c o r r e l a t i o n  is  based on a d i a b a t i c  two-component annular flow da ta ,  and 

c o r r e l a t e s  only a l imi t ed  amount of d a t a  [ S ,  351. 

Several i n v e s t i g a t o r s  have t r i e d  t o  avoid t h e  problem of de te r -  

mining w a l l  and i n t e r f a c i a l  shear stresses by incorpora t ing  equivalent 

f r i c t i o n  f a c t o r s  i n  t h e i r  analyses of pressure  drop i n  two-phase ancular 

flows. T5ese f r i c t i o n  f a c t o r s  are determined i n  a v a r i e t y  of ways. 
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Hoffman [26] and Wrobel and McManus [27]  u s e  t h e  well-known Blas ius  

f r i c t i o n  f a c t o r  by vary ing  t h e  c o n s t a n t s  t o  f i t  two-phase annular  flow 

p res su re  drop d a t a .  The f r i c t i o n  f a c t o r  used by Wallis E281 i s  assumed 

t o  be g iven  by t h e  equ iva len t  v a l u e  f o r  vapor  f lowing a lone  i n  t h e  d u c t .  

Chien and I b e l e  [29] p re sen t  experimental  t echniques  f o r  determining 

s u p e r f i c i a l  f r i c t i o n  f a c t o r s  f o r  ver t ical  f lows.  

With t h e  except ion  of t h e  d a t a  of Hi ld ing  [30], t h e  a v a i l a b l e  

entrainment  d a t a  are taken  from t h e  a d i a b a t i c  f low of a two-component 

mixture  f lowing annu la r ly .  Cousins et  a l .  [31] shows t h a t  f o r  air-water 

flow, a minimum "length" i s  necessary  be fo re  entrainment  t a k e s  p l a c e .  

The exper imenta l  procedure w a s  t o  e x t r a c t  t h e  annular  l i q u i d  f i l m  and 

measure t h e  amount of entrainment  by measuring a new l i q u i d  f i l m  growth. 

The entrainment  c o r r e l a t i o n  of Paleev and F i l ippov ich  [32] i s  based on a 

similar technique.  Wicks and Dukler [33] and Magiros and Dukler 1341, 

u s ing  a sampling probe,  found t h a t  t h e  ra te  of f low of t h e  en t r a ined  

phase w a s  f a i r l y  cons t an t  over  t h e  tube  c ross -sec t ion .  

w a s  t aken  from condensing steam flowing i n  a n  annular-mist  p a t t e r n .  

H i l d i n g ' s  d a t a  E301 

The 

d a t a  was t aken  a t  t h e  c e n t e r l i n e  of t h e  tube .  Goss [35] p r e s e n t s  a cor- 

r e l a t i o n  of t h i s  d a t a .  

There is  a weal th  of exper imenta l  d a t a  f o r  p re s su re  drop of a 

two-component mix tu re  (usua l ly  air-water) f lowing a d i a b a t i c a l l y  i n  a n  

annular-mist  p a t t e r n .  For condensing f lows ,  however, t h e  exper imenta l  

d a t a  i s  somewhat l i m i t e d .  H i ld ing  [36] ,  T a l i a f e r r o  [ZO], and Goodykoontz 

and Dorsch [37,38] p r e s e n t  d a t a  f o r  p r e s s u r e  drop and h e a t  t r a n s f e r  

c o e f f i c i e n t s  f o r  t h e  flow of condensing steam. I n  a l l  cases, t h e  con- 

densing tubes  were cooled by water f lowing annu la r ly  i n  a c o a x i a l  tube .  
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An annular-mist  f low p a t t e r n  was observed v i s u a l l y  f o r  t h e  d a t a  of Hi ld ing  

wh i l e  t h e  annular  f i l m  measurements of T a l i a f e r r o  s t r o n g l y  sugges t  a s i m -  

i l a r . p a t t e r n .  No mention of a f low p a t t e r n  i s  made by Goodykoontz e t  a l .  

[37 ,38] .  Complete condensat ion d a t a  i s  r epor t ed  f o r  a l l  tests except  f o r  

t hose  of T a l i a f e r r o  where t h e  steam was e x t r a c t e d  a t  a p o i n t  11.4 f e e t  

from t h e  en t r ance  and condensed e x t e r n a l l y ,  Also,  wi th  t h e ‘ e x c e p t i o n  of 

T a l i a f e r r o ,  t h e  d a t a  a t  t h e  condenser en t r ance  i s  ques t ionable .  The 

Goodykoontz d a t a  must b e  back-extrapolated i n  o r d e r  t o  determine t h e  

en t r ance  p res su re .  Furthermore,  an  unexplained s t a b i l i t y  problem was 

repor t ed  wi th  t h i s  d a t a  [37] .  I n  some cases, s t a t i c  p r e s s u r e  f l u c t u a t i o n s  

were r epor t ed  which were an o rde r  of magnitude h ighe r  than  t h e  o v e r a l l  

p re s suse  drop. These experimental  i n v e s t i g a t i o n s  w i l l  b e  d iscussed  f u r -  

t h e r  i n  t h e  R e s u l t s  s e c t i o n  of t h i s  r e p o r t .  

Goodykoontz and Brown [ 391 p r e s e n t  d a t a  f o r  t h e  vertical-down- 

ward f low of condensing Freon-113. This  d a t a  was taken from t h e  same 

condensing f a c i l i t y  as the  condensing steam d a t a  of Goodykoontz and Dorsch 

[37] ,  and t h e  same en t r ance  e f f e c t s  and s t a b i l i t y  problems are noted.  

Due t o  i t s  a p p l i c a t i o n  t o  t h e  des ign  of condensers f o r  Rankine 

c y c l e  spacefpower systems, t h e r e  are some d a t a ’ a v a i l a b l e  ‘for condensing 

l i q u i d  metals. Sawochka [ 4 0 ]  r e p o r t s  performance d a t a  f o r  potassium dur- 

i n g  condensat ion i n s i d e  s in)gle  tubes .  

e t  al. [ 4 2 ]  presen t  similar d a t a  f o r  condensing mercury f lows.  

[43] presen t  d a t a  f o r  potassium condensing i n  a m u l t i t u b e  h e a t  exchanger.  

Nemkoong e t  a l .  [41] and L o t t i g  

Fenn e t  a l .  

No mention is  made as t o  t h e  type ’ f low p a t t e r n s  obta ined  f o r  t h e  ma jo r i ty  

of t h e  d a t a .  One except ion  i s  t h e  d a t a  of Nemkoong [413 where a g l a s s  

condensing tube  was used f o r  condensing mercury. It was found t h a t  t h e  
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mercury condensate d id  not w e t  the  tube su r face  and appeared as en t ra ined  

p a r t i c l e s  and small patches on the  tube w a l l s .  The r a t i o  of t h e  observed 

average v e l o c i t y  of t h e  drops i n  t h e  vapor stream t o  t h e  l o c a l  vapor 

v e l o c i t y  va r i ed  from 0.3 a t  t h e  inlet  t o  1.0 a t  approximately three- 

f o u r t h s  of t h e  condensing length.  

C. Statement of t h e  Problem 

The purpose of t h i s  i nves t iga t ion  i s  t o  develop an ana lys i s  

which can be used t o  p r e d i c t  p ressure  drop and hea t  t r a n s f e r  character-  

ist ics f o r  two-phase, annular-mist condensing flows. A high-speed, pure 

f l u i d  i n  a s a t u r a t e d  gaseous s ta te  i s  introduced i n t o  a tube which is  

, , ex te rna l ly  cooled. There is  no r e s t r i c t i o n  on t h e  means of cooling. The 

i n l e t  gas w i l l  condense i n t o  a r a d i a l l y  symmetric, slow-moving, t h i n  

annular f i l m  on t h e  tube  w a l l .  

speed gas ,  t r ave l ing  waves w i l l  form a t  t h e  gas-liquid i n t e r f a c e ;  and 

eventua l ly  t h e  gas begins t o  shear off t h e  wave peaks. 

Due t o  t h e  shearing ac t ion  of t h e  high- 

The l i q u i d  

en t ra ined  i n  t h i s  manner is c a r r i e d  along i n  t h e  gas and subsequently 

redeposited on t h e  wavy l i q u i d  fi lm. This process of l i q u i d  p a r t i c l e  

interchange continues up t o  t h e  po in t  where complete condensation occurs. 

The a c t u a l  flow p a t t e r n  i s  shown i n  f i g u r e  (1). 

A complete a n a l y t i c a l  desc r ip t ion  of t h e  flow must include t h e  

unsteady behavior of t h e  waves a t  t h e  liquid-vapor i n t e r f a c e  a n d . t h e  

accompanying mass t r a n s f e r  ac ross  t h e  i n t e r f a c e  due t o  both the macroscop- 

i c  p a r t i c l e  interchange and molecular condensation. Since it i s  not 

f e a s i b l e . a t  t h i s  t i m e  t o  include a wavy i n t e r f a c i a l  region, an ana lys i s  

is  presented which attempts t o  account f o r  t he  wavy i n t e r f a c e  without 
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Figure 1. Actual Two-Phase, Annular-Mist Flow Pattern 
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a c t u a l l y  analyziag t h e  i n t e r f a c e  i t s e l f .  

averaged annular l i q u i d  f i l m  with a smooth gas-liquid i n t e r f a c e .  

The ana lys i s  i s  based on a t i m e -  
\ 

The 

i n t e r f a c i a l  waves a f f e c t  t h e  mass, momentum,and energy t r a n s f e r  mecha- 

nisms between t h e  core and t h e  annulus. These e f f e c t s  are included i n  

t h i s  ana lys i s  i n  t h e  following ways: 

1. Mass Transfer - An entrainment c o r r e l a t i o n  which p r e d i c t s  

t h e  amount of en t ra ined  l i q u i d  flowing i n  t h e  gaseous 

core  is  employed. 

2. Momentum Transfer - This e f f e c t  must be determined a t  both 

t h e  i n t e r f a c e  and t h e  w a l l .  The high-velocity,  entrainment- 

laden, gas core tends t o  drag t h e  l i q u i d  annulus along 

while t h e  r i g i d  tube w a l l  tends t o  r e t a r d  it .  Therefore, 

e f f e c t i v e  i n t e r f a c i a l  and w a l l  shear stresses are included 

a t  t h e  gas-liquid i n t e r f a c e  and t h e  tube w a l l ,  r espec t ive ly .  

3. Energy Transfer - The energy t r a n s f e r r e d  a t  t h e  liquid-gas 

i n t e r f a c e  i s  r e l a t e d  t o  both t h e  mass and the  momentum 

t r a n s f e r .  When vapor i s  condensed, t he re  is  a change i n  

enthalpy which gives r ise  t o  a l a r g e  energy change. 

t h e r e  i s  a - l a rge  change i n  k i n e t i c  energy assoc ia ted  with 

Also, 

t h e  momentum t r a n s f e r  process a t  t h e  in t e r f ace .  

The inc lus ion  of t h e  i n t e r f a c i a l  e f f e c t s  i n  t h e  above manner 

reduces t h e  ana lys i s  t o  a two-dimensional axisymmetric system with an 

en t ra ined  l iquid-gas core  region and an annular l i q u i d  f i l m  region, t h e  

th.ickness of which is  t h e  time-averaged va lue  of t h e  a c t u a l  unsteady 

l i q u i d  f i lm.  From t h i s  system, it is  poss ib le  t o  start  with t h e  pure 

gas i n l e t  conditions and t h e  e x t e r n a l  cooling configuration and, 
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subsequently, completely descr ibe  t h e  flow a t  each point throughout t h e  

tube up t o  t h e  poin t  of complete condensation. 



11. THEORETICAL ANALYSIS 

A. Assumptions 

The following assumptions are made i n  developing t h e  theore- 

t i ca l  ana lys i s  of t h e  two-phase, annular-mist flow system: 

1. 

2. 

3.  

4. 

5. 

6. 

The fundamental l a w s  which descr ibe  t h e  system a re :  

conservation of m a s s ,  Newton's Second Law, and t h e  con- 

se rva t ion  of energy. 

The flow i s  steady. This assumption i s  poss ib l e  s ince  t h e  

q u a n t i t i e s  assoc ia ted  with t h e  core  and t h e  l i q u i d  annulus 

are assumed as t i m e  and area average q u a n t i t i e s ,  as d is -  

cussed i n  t h e  Introduction. 

The flow i s  two-dimensional and axisymmetric. The flow 

p a t t e r n  is  a vapor core containing en t ra ined  l i q u i d  p a r t i -  

cles surrounded by a uniform l i q u i d  annulus of which t h e  

th ickness  v a r i e s  with t h e  a x i a l  d i r e c t i o n  only. This f o l -  

lows from assumption (2) and t h e  d iscuss ion  i n  t h e  

In t roduct ion  on g r a v i t y  fo rces .  

The t o t a l  flow area i s  a constant.  A c y l i n d r i c a l  duct of 

uniform i n t e r n a l  diameter is  assuned as t h e  flow passage. 

Body fo rces  are neg l ig ib l e .  The only body f o r c e  t h a t  

warrants mention i s  t h a t  due t o  g rav i ty .  A d i scuss ion  

of g r a v i t y  fo rces  i s  included i n  t h e  In t roduct ion .  

A v a r i a t i o n  i n  t h e  r a d i a l  d i r e c t i o n  of t h e  a x i a l  component 

of v e l o c i t y  i s  allowed i n  both t h e  core and t h e  annular 

regions.  

t h e  

12 
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7 .  The core i s  homogeneous and i t s  assoc ia ted  thermodynamic 

p rope r t i e s  are assumed a t  t h e  s a t u r a t i o n  conditions cor- 

responding t o  t h e  s t a t i c  pressure.  A discuss ion  of t h i s  

is  given by Co l l i e r  e t  al .  [ 4 4 ] .  

property i s -a l lowed when passing from one phase t o  another.  

Radial v a r i a t i o n  i n  a 

8. I n  t h e  l i q u i d  annulus, a r a d i a l  v a r i a t i o n  i n  t h e  enthalpy 

is  allowed. The l i q u i d  enthalpy a t  the  core-annulus i n t e r -  

f a c e  is  assumed a t  s a t u r a t i o n  conditions and varies i n  t h e  

a x i a l  d i r ec t ion .  The l i q u i d  enthalpy a t  t he  w a l l  is  de ter -  

mined from t h e  w a l l  temperature. The dens i ty  of t h e  l i q u i d  

annulus varies i n  t h e  a x i a l  d i r e c t i o n  only. 

of subcooling on t h e  dens i ty  near t h e  w a l l  is neglected.  

The s t a t i c  pressure  varies i n  t h e  a x i a l  d i r e c t i o n  only. 

This is not t r u l y  rigorous s i n c e  t h e r e  are s m a l l  i n e r t i a l  

fo rces  i n  t h e  r a d i a l  d i r ec t ion .  Inasmuch as t h e r e  are no 

body f o r c e s  i n  t h e  r a d i a l  d i r e c t i o n ,  t h e  r a d i a l  p ressure  

The e f f e c t  

9. 

gradien t  i s  assumed n e g l i g i b l e ,  

i n  t h e  boundary l aye r  approximations. 

The cont r ibu t ion  of t h e  dynamic po r t ion  t o  t h e  t o t a l  

enthalpy of t h e  l i q u i d  flowing i n  t h e  annulus i s  neglected. 

For t h e  range of temperatures and v e l o c i t i e s  an t i c ipa t ed ,  

t h e  e f f e c t  of t h e  dynamic po r t ion  on both the  t o t a l  

enthalpy and t h e  change of t o t a l  enthalpy with respec t  

Similar reasoning is  used 

10. 

t o  a x i a l  pos i t i on  is always less than one percent.  

The hydrodynamics of t h e  liquid-vapor i n t e r f a c e  con t ro l s  

t h e  entrainment mechanism. There i s  a cont inua l  interchange 

11. 



1 4  

of l i qu id  p a r t i c l e s  being entrained in to  the  core and 

redeposited onto the  in te r face .  It i s  therefore  assumed 

t h a t  t h e  flow of l i qu id  crossing t h e  liquid-vapor in t e r -  

f ace  includes the  e f f e c t s  of entrainment and condensation. 

1 2 .  A constant r a t i o  of l o c a l  entrained l iqu id  ve loc i ty  t o  

l o c a l  gas ve loc i ty  (S ) is  assumed throughout t h e  core. 

This leads t o  an u n r e a l i s t i c  phenomenon near t he  core- 

annulus in t e r f ace  f o r  a l l  entrainment s l i p  r a t i o s  less 

than uni ty;  namely, entrainment ve loc i t i e s  less than 

i n t e r f a c i a l  ve loc i t i e s .  I n  ac tua l i t y ,  t he  entrainment 

s l i p  r a t i o  va r i e s  i n  the  r a d i a l  and ax ia l  d i rec t ions ;  but 

a t  t h e  present t i m e ,  t h i s  va r i a t ion  i s  not known. From the  

ava i lab le  data  on the  entrainment s l i p  r a t i o ,  t h e  general 

opinion i s  t h a t  i ts  value is  near uni ty  [ 3 4 ,  461. 

E 

13. The heat  t ransferred out of t he  system by the external  

cooling mechanism is the  dominant mode of heat t ransfer .  

Any thermal rad ia t ion  within the  system o r  heat  t r ans fe r  

due t o  the  a x i a l  temperature gradient  is  negl igible  com- 

pared t o  tha t  due t o  the  r a d i a l  temperature gradient.  

1 4 .  The wal l  heat f l ux  and the w a l l  temperature a re  known 

functions of a x i a l  position.. 

data ,  t h e  external  cooling mechanism i s  cooling water 

flowing annularly i n  a coaxial  tube. In  t h i s  case, s ince  

t h e  cooling water flow rate, thermal propert ies ,  and temp- 

e ra tu re  a r e  known, t h e  wal l  heat  f l ux  is  determined from 

an energy balance on the  coolant flow. I f  only the external  

In  much of the  experimental 
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t henna l  environment is known, a l o c a l  h e a t  transfer 

ba lance  i n  t h e  r a d i a l  d i r e c t i o n . m u s t  be  made i n  o r d e r  t o  

de te rmine  t h e  wall h e a t  f lux .  The c o r r e l a t i o n  of 

Goodykoontz and Dorsch [ 3 7 ]  may b e  u s e f u l  i n  de te rmining  

t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  terms of t h e  l o c a l  

parameters  of t h e  system. Th i s  c o r r e l a t i o n  is  d i scussed  

i n  t h e  R e s u l t s  s e c t i o n  of t h i s  r e p o r t .  I 
I 

B .  Development of Equat ions 

1. Resu l t ing  - I n t e g r a l  Equat ions 

. Applying t h e  fundamental  l a w  s t a t e d  i n  assumption (1) t o  the 

c o n t r o l  volumes f l l u s t r a t e d  i n  f i g u r e  (2) and u t i l i z i n g  assumptions 

(2-13) r e s u l t  i n  t h e  follow-lng set of i n t e g r a l  equa t ions .  

t h e  d e r i v a t i o n s  are shown i n  qppendix A .  

The d e t a i l s  of 

Conservat ion of mass of t h e  t o t a l  f low y i e l d s  : 

Newton's Second Law appl iLd t o  , t h e  t o t a l  f l o w  y i e l d s :  
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Newton’s Second Law applied t o  t h e  l i q u i d  annulus y i e lds :  

and, applyin 

(11-3) 

t h e  conservation of energy t o  t h e  t o t a l  flow y ie lds :  

where t h e  e f f e c t i v e  core d e n s i t i e s  are defined as: 

(11-5) 

(11-6) 

(11-7) 

(11-8) 



The above equat ions  (11-1 through 11-41 form a se t  of inde- 

pendent i n t e g r a l  equat ions  which must be  so lved  s imultaneously t o  

d e s c r i b e  t h e  f low system. 

There are va r ious  methods of so lv ing  t h e s e  i n t e g r a l  equat ions ,  

a l l  of which involve  assuming s u i t a b l e  p r o f i l e s  i n  t h e  r a d i a l  d i r e c t i o n  

and i n t e g r a t i n g  t h e s e  p r o f i l e s ,  t hus  reducing the i n t e g r a l  equat ions  t o  

o rd ina ry  d i f f e r e n t i a l  equat ions .  Na tu ra l ly ,  t h e  c l o s e r  t h e  assumed pro- 

f i l e s  come t o  matching a l l  boundary cond i t ions  i n  t h e  r a d i a l  d i r e c t i o n ,  

t h e  more a c c u r a t e  t h e  s o l u t i o n  w i l l  be .  

r a t h e r  s imple,  good r e s u l t s  may be  obta ined  by applying s imple r e l a t i o n s  

f o r  t h e  p r o f i l e s .  

over  a f l a t  p l a t e  [47].  

When the boundary cond i t ions  are 

An example would b e  laminar ,  forced  convect ion f low 

A s  t h e  complexity of the boundary cond i t ions  

i n c r e a s e s ,  t h e  complexity of t h e  assumed p r o f i l e s  would a l s o  i n c r e a s e .  

However, good r e s u l t s  may a l s o  b e  obta ined  from i n t e g r a l  equat ions  when 

. t h e  boundary cond i t ions  are complex by assuming a l g e b r a i c a l l y  s imple 

p r o f i l e s  and employing empi r i ca l  o r  semi-empirical  r e l a t i o n s  t o  s a t i s f y  

t h e  complex boundary condi t ions .  Th i s  technique i s  used by Ecker t  [48] 

f o r  t u r b u l e n t ,  f r e e  convect ion f lows.  Due t o  t h e  complexity of t h e  

boundary condi t ions  t h a t  e x i s t  a t  t h e  vapor- l iquid i n t e r f a c e  f o r  t h e  

two-phase, annular  m i s t  f low system and a l s o  t o  t h e  l i m i t e d  informat ion  

a v a i l a b l e  o n  v e l o c i t y  and temperature  p r o f i l e s  , t h e  technique t h a t  is  

used i n  t h i s  a n a l y s i s  is similar t o  t h a t  of Eckert. The fo l lowing  s t e p s  

w i l l  b e  taken t o  reduce t h e  set  of i n t e g r a l  equat ions  i n t o  a set  of f o u r  

non- l inear ,  f i r s t  o rde r ,  o rd ina ry  d i f f e r e n t i a l  equat ions  w i t h  dependent 

v a r i a b l e s  VI ,  Vk , 6 ,  and P and independent v a r i a b l e  x: 
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1) Employ empirical  or semi-empirical c o r r e l a t i o n s  f o r  t h e  

w a l l  shear  stress, t h e  i n t e r f a c i a l  shear stress, and t h e  

entrainment flow rate i n  terms of t h e  dependent v a r i a b l e s .  

A t  t h i s  po in t ,  i t  i s  noted t h a t  t h e  entrainment flow rate 

does not appear as such i n  t h e  set of i n t e g r a l  equations 

(11-1 through 11-4). 

t i o n s  made i n  t h e i r  de r iva t ion  (see Appendix A ) .  

t h e  ve loc i ty  of t h e  en t ra ined  l i q u i d  i s  assumed as a con- 

s t a n t  ( S  ) t i m e s  t h e  gas ve loc i ty ,  and t h e  dens i ty  of t h e  

en t r a ined  l i q u i d  i s  assumed a t  s a t u r a t i o n  conditions,  t h e  

c o r r e l a t i o n  which i s  needed is  one of the  entrainment area 

This is  a consequence of t h e  assump- 

Since 

E 

(or  core void  f r a c t i o n ,  a) i n  terms of t h e  dependent 

v a r i a b l e s .  

2) Assume v e l o c i t y  and enthalpy p r o f i l e s  f o r  t h e  core and 

annular l i q u i d  regions i n  terms of the  dependent va r i ab le s  

8 ,  VI, and V Q  . 
Perf o m  t h e  necessary i n t e g r a t i o n  and d i f f e r e n t i a t i o n  t o  

reduce t h e  equations t o  a set  of f o u r  non-linear, f i r s t  

- -  

3) 

order ,  ordinary d i f f e r e n t i a l  equations i n t o  a form s u i t a b l e  

f o r  so lv ing  by numerical techniques. 

2. Corre la t ions  

I n  t h i s  s e c t i o n ,  empir ica l  o r  semi-empirical c o r r e l a t i o n s  are 

presented ficr entrainment flow rate and w a l l  and i n t e r f a c i a l  shear  stresses. 

Entrainment Corre la t ion  

A s  mentioned i n  t h e  In t roduct ion ,  t h e r e  has been no success fu l  

ana lys i s  on t h e  breakup of t h e  i n t e r f a c i a l  waves on t h e  l i q u i d  annulus i n  
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two-phase,single-component condensing flows. 

d rop le t s  are formed from wave i n s t a b i l i t i e s  on t h e  f i l m  and then  en t ra ined  

It i s  genera l ly  agreed t h a t  

i n  t h e  gas stream. Since t h e  process i s  b a s i c a l l y  a dynamic one, i t  

would be  an t i c ipa t ed  t h a t  t h e  a x i a l  fo rces  would con t ro l  t h e  entrainment 

mechanism, t h e  domi.nant f o r c e s  being t h e  gas i n e r t i a l  fo rces  and viscous 

shear fo rces .  Other fo rces  which may o r  may not  have an appreciable 

e f f e c t  are l i q u i d  i n e r t i a l  fo rces ,  p ressure  fo rces ,  and su r face  tension. 

The major i ty  of t h e  ava i l ab le  c o r r e l a t i o n s  [31 ,  32, 331 are 

based on two-phase, annular-mist flow d a t a  of two components flowing 

a d i a b a t i c a l l y  i n  a tube,  u sua l ly  a i r  and water. 

rium con'ditions,or when the  entrainment rate equals t h e  r ed i spos i t i on  

Data taken a t  equi l ib-  

rate, might w e l l  be less than t h a t  which would occur i n  condensing flows 

of a s i n g l e  component when equilibrium conditions are highly unl ike ly .  

Grace [49] i n d i c a t e s  t h a t  most entrainment d a t a  i s  taken a t  non steady- 

state conditions; and thus i t  is  not su rp r i s ing  t h a t  these  va lues  d i f f e r  

from experiment t o  experiment. 

Due t o  t h e  s c a t t e r  i n  t h e  a v a i l a b l e  eitrainment c o r r e l a t i o n s  

and t h e  question of applying air-water da ta ,  taken under a d i a b a t i c  con- 

d i t i o n s ,  t o  condensing flows, a modification of t h e  approximate cor re la -  

t i o n  presented by Goss 1351 w i l l  be used i n  t h i s  ana lys i s .  The cor re la -  

t i o n  is based on experimental da ta  taken a t  t h e  University of Connecticut 

[30] from two-phase,annular-mist flow of condensing steam using a 

Dussourd probe [SO]. The c o r r e l a t i o n  is  i l l u s t r a t e d  i n  f i g u r e  (3) along 

with t h e  e i f e c t  of t h e  modification. 

m e t r i c  form by t h e  following expressions: 

The c o r r e l a t i o n  is  given i n  para- 
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2 3 4 8 = kT(1-a ) t  - a t - a t - a4t ] 
1 2 3 

X = 2k t  - e 

(11-9) 

(11-10) 

where 

k = 0.707107 

a 

a 

= 0 .638377~  

= 1 . 1 3 7 1 0 8 ~  

= -2 .246910~ 

1' 

2 

a3 

a4 = 0.7942441. 

It is  noted [ 3 5 ]  t h a t  t h e  experimental  entrainment  f low d a t a  

w a s  c a l c u l a t e d  by assuming t h a t  t h e  entrainment  s l i p  r a t i o  w a s  u n i t y ,  

whereas,  i f  i t  had been assumed less than u n i t y ,  t h e  en t r a ined  l i q u i d  

f low would have been h ighe r .  

0.5, t h e  v a r i a b l e  y approximately a l lows  f o r  a d e v i a t i o n  i n  t h e  en t r a in -  

For entrainment  s l i p  r a t i o s  g r e a t e r  t h a a  

ment f low rates due t o  inc luding  a v a r i a b l e  entrainment  s l i p  r a t i o  i n  t h e  

d a t a  r educ t ion  a n a l y s i s  used t o  o b t a i n  t h e  Un ive r s i ty  of Connecticut d a t a  

[30].  Also,  i f  t h e  e n t r a i n e d  p a r t i c l e s  were n o t  d i s t r i b u t e d  evenly 

throughout t h e  co re ,  as they  probably are n o t ,  i t  is  expected t h a t  t h e  

p o i n t  of least  concen t r a t ion  would b e  a t  t h e  c e n t e r .  

where t h e  probe used t o  o b t a i n  t h e  d a t e  w a s  l o c a t e d .  

sons why t h i s  c o r r e l a t i o n  g i v e s  lower va lues  t h a n  those  obta ined  by 

T a l i a f e r r o  1203 a t  V i r g i n i a  Poly technic  I n s t i t u t e .  I f  indeed t h e  con- 

c e n t r a t i o n '  of p a r t i c l e s  is g r e a t e s t  near  t h e  i n t e r f a c e ,  they  would b e  

moving a t  a somewhat lower v e l o c i t y  than  t h o s e  near t h e  c e n t e r  of t h e  

c o r e  and t h e  e f f e c t  of u s ing  a n  unde rp red ic t ion  of entrainment  i n  t h e  

a n a l y s i s  should be s m a l l .  

Th is  is  p r e c i s e l y  

These may be  rea- 
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The area of entrainment  flow ( o r  co re  void  f r a c t i o n ,  a) i s  

r e l a t e d  t o  t h e  entrainment  dynamic q u a l i t y  (x) by t h e  fo l lowing  

express ion:  

(11-11) 

The d e t a i l s  of t h e  u s e  of t h e  entrainment  c o r r e l a t i o n  i n  t h e  a n a l y s i s  

are g iven  i n  Appendix B. 

Wall Shear S t r e s s  

The de termina t ion  of t h e  w a l l  shear  stress f o r  two-phase, an- 

nular-mist  f lows  i s  a formidable  t a s k .  

w a l l  shea r  stress f o r  t u r b u l e n t  s ingle-phase f lows ,  which has  been a 

p o i n t  of d i scuss ion  f o r  several y e a r s ,  t h e r e  are f u r t h e r  complicat ions 

Compared t o  t h e  de te rmina t ion  of 

t h a t  arise on account of t h e  i n t e r f a c i a l  phenomena. Based on an  o rde r  

of magnitude a n a l y s i s ,  Hilding [23 ]  i n d i c a t e s  ve ry  h igh  turbulence  in-  

. t e n s i t i e s  i n  t h e  l i q u i d  f i l m ;  and over  t h e  major p o r t i o n  of t h e  condensing 

. l eng th ,  f l u c t u a t i n g  v e l o c i t y  c’omponents are of t h e  same order  of magnitude 

as t h e  mass average a x i a l  l i q u i d  v e l o c i t y .  Because of t h e  h igh  turbulence  

i n t e n s i t i e s  i n  t h e  f i l m ,  i t  is  expected t h a t  t r a n s i t i o n  would occur much 

sooner .  Carpenter  and Colburn [16] sugges t  t r a n s i t i o n a l  Reynolds numbers, 

based on t h e  l i q u i d  th i ckness ,  as low as 240. A l s o ,  as a consequence of 

t h e  deep p e n e t r a t i o n  of t h e  s u r f a c e  waves, it i s  expected t h a t  t h e  laminar  

sublayer  ad jacen t  t o  t h e  tube  w a l l  i s  q u i t e  s m a l l .  From t h e  above d i s -  

cuss ion ,  i t  is  obvious t h a t  any v a l i d  c o r r e l a t i o n  f o r  w a l l  shea r  stress 

f o r  two-phase, annular  flow must depend on t h e  i n t e r f a c i a l  phenomena. 
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Dukler [ 2 2 ]  and Hilding [23] have presented semi-empirical 

w a l l  shear  stress co r re l a t ions  which account f o r  t h e  high turbulen t  

i n t e n s i t i e s  i n  t h e  l i q u i d  f i l m  f o r  t h e  case of l a r g e  i n t e r f a c i a l  shear  

stress. Dukler's ana lys i s  does not inc lude  t h e  i n e r t i a l  e f f e c t s  of t h e  

annular l i q u i d  f i lm.  

t i o n  i n  t h e  turbulen t  po r t ion  of t h e  annular l i q u i d  f i l m  along with a 

s m a l l  laminar sublayer which has  a l i n e a r  d i s t r i b u t i o n .  

which accounts f o r  t he  i n t e r f a c i a l  shear conditions is  t h e  r a t i o  of t h e  

gas t o  l i q u i d  momentum f luxes .  

Hilding assumes a f l a t  average ve loc i ty  d i s t r i b u -  

The parameter 

The w a l l  shear stress c o r r e l a t i o n  which i s  used i n  t h i s  analy- 

sis is t h e  semi-empir ical  co r re l a t ion  of Kammula [21]  with s l i g h t  modi- 

f i c a t i o n s .  

d i s t r i b u t i o n s  and eddy v i s c o s i t i e s  i n  single-phase flow are adapted t o  

f i t  condensing annular-mist flows with high i n t e r f a c i a l  drag by includ- 

ing  a term which accounts f o r  t h e  i n t e r f a c i a l  shear stress and mass t rans-  

f e r .  

and numerically in t eg ra t ing  through t h e  l i q u i d  f i l m  t o  determine t h e  

r e s u l t i n g  flow rate i n  t h e  l i q u i d  f i l m ,  

t o  ad jus t  t h e  w a l l  shear stress u n t i l  t he  a c t u a l  l i q u i d  f i lm  flow rate  

is  a t t a ined .  

The equations normally used t o  p red ic t  t h e  ve loc i ty  

The procedure involves assuming a value f o r  t h e  w a l l  shear stress 

An i t e r a t i o n  procedure i s  used 

The l i q u i d  f i l m  flow rate i s  given by t h e  expression 
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where t h e  shear  stress d i s t r i b u t i o n  i s  given by 

I n  eq. (11-12), K i s  t h e  von Karman constant modified f o r  annular-mist 

flow and A 

value  of 26 f o r  f u l l y  developed turbulen t  flow. 

-I" is  t h e  Van Driest tu rbulen t  damping constant which has a 

Kammula [21] suggests several co r re l a t ions  f o r  obtaining t h e  

modified von Karman constant (K) as a func t ion  of o the r  system proper t ies .  

Unfortunately, these  co r re l a t ions  are based on only one set of data;  t h a t  

of Hilding [36]. It was found from t h e  present  i nves t iga t ion  t h a t  t h e  

expressions suggested i n  [21] do f i t  t h e  University of Connecticut 

d a t a  [36] q u i t e  w e l l .  However, t h e  expressions which c o r r e l a t e  more 

of t h e  d a t a  with which t h i s  ana lys i s  w i l l  be compared, including t h a t  

of Hilding, are given as follows: 

f o r  k < 28 

f o r  k > 28 
P 

(11-14) 

K '  = 6.63 (1 4- k )Oo6 
P 

Also, i t  w a s  found t h a t  Kammula's w a l l  shear stress correla- 

t i o n  could be used near t h e  entrance region where t h e  flow i n  t h e  

annular l i q u i d  f i l m  is  laminar by modifying t h e  turbulen t  damping 

constant (A ). 

t h e  thickness of t h e  laminar sublayer.  Near t h e  entrance,  where t h e  

+ Increasing t h i s  constant has t h e  e f f e c t  of increas ing  

l i q u i d  f i l m  is  t h i n ,  increas ing  the  damping constant tends t o  make t h e  

majority of t h e  l i q u i d  f i l m  laminar. The v a r i a t i o n  of the tu rbu len t  
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damping constant used i n  t h i s  ana lys i s  f o r  l i q u i d  f i lm  Reynolds numbers 

less than 500 i s  expressed as 

1 7  R - eL 
500 A+ = 43 - (11-15) 

where t h e  l i q u i d  f i l m  Reynolds number i s  based on t h e  annular f i l m  thick- 

ness.  A f u r t h e r  d i scuss ion  of t h e  w a l l  shear stress c o r r e l a t i o n  is  

presented i n  Appendix B. 

I n t e r f a c i a l  Shear Stress 

There i s  very l i t t l e  information, e i t h e r  experimental o r  

a n a l y t i c a l ,  a v a i l a b l e  i n  t h e  l i t e r a t u r e  on t h e  shear stress a t  the  gas- 

l i q u i d  i n t e r f a c e  of a tu rbu len t  two-phase system. 

t o r s  have assumed t h a t  t h e  slow moving, wavy, annular l i q u i d  l aye r  may 

be t r e a t e d ,  i n s o f a r  as the  gas is  assumed, as a rough c y l i n d r i c a l  s o l i d  

boundary. The i n t e r f a c i a l  shear stress i s  then co r re l a t ed  wi th  the  gas 

k i n e t i c  energy and a roughness parameter assoc ia ted  with t h e  wave dimen- 

A number of imvestiga- 

s ions .  This method has  the  obvious drawback t h a t  t h e  l i t e r a t u r e  i s  

a l s o  lacking i n  t h e  area of i n t e r f a c i a l  wave c h a r a c t e r i s t i c s  i n  two- 

phase annular systems. 

be v a l i d  f o r  t u rbu len t  flow i n  t h e  v i c i n i t y  of a s o l i d  boundary should 

not be expected t o  hold f o r  tu rbulen t  flow i n  t h e  v i c i n i t y  of a gas- 

Also, an ana lys i s  f o r  shear stress which may 

l i q u i d  i n t e r f a c e .  This i s  because t h e  l i q u i d ,  although e s s e n t i a l l y  

incompressible, i s  a f l u i d  which can transmit shear  through turbulen t  

f l u c t u a t i o n s ,  while a s o l i d  cannot due t o  no s l i p  condition a t  t h e  gas- 

s o l i d  in t ek f  ace. 

Levy [ 2 4 ]  has  developed a c o r r e l a t i o n  f o r  i n t e r f a c i a l  shear 

stress by s t a r t i n g  with the  b a s i c  parameters of t h e  problem, those of 
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t h e  tu rbu len t  f l u c t u a t i o n s  o r  t h e  Reynolds stresses. H i s  procedure is  

s i m i l a r  t o  t h a t  of P rand t l  and von Karman i n  determining t h e  well-known 

logarithmic v e l o c i t y  d i s t r i b u t i o n  func t ion  but  d i f f e r s  i n  t h a t  dens i ty  

f l u c t u a t i o n s  are included. 

mental d a t a  of water o r  a lcohol  and argon o r  n i t rogen  flowing annular ly .  

The f i n a l  c o r r e l a t i o n  w a s  based on experi- 

Goss [35] compared t h e  experimental d a t a  f o r  s i n g l e  component flows 

taken a t  t h e  University of Connecticut t o  Levy's co r re l a t ion .  Levy's 

c o r r e l a t i o n  predic ted  higher i n t e r f a c i a l  shear stresses i n  genera l ;  how- 

ever ,  t h e  same t rend  w a s  p resent .  A r ecen t  publ ica t ion  of Linehan e t  a l .  

1523 emphasizes the necess i ty  f o r  including t h e  e f f e c t  of mass t r a n s f e r  

on t h e  i n t e r f a c i a l  shear during annular f i l m  condensation and concludes 

t h a t  a model including t h i s  e f f e c t  must be used bu t  t h a t  f u r t h e r  work 

must be done i n  t h i s  area before.such a model can be developed. 

An i n t e r e s t i n g  r e s u l t  is  obtained as a by-product of t h e  w a l l  

shear stress work of Kammula [21] .  The r a t i o  of i n t e r f a c i a l  t o  w a l l  

shear  stresses i s  co r re l a t ed  as a func t ion  of t h e  r a t i o  of momentum f luxes  

(kp) and t h e  dynamic q u a l i t y  ( 0 ) .  

d a t a  [36],  much scatter i s  seen t o  e x i s t .  I n  t h e  present  i nves t iga t ion ,  

However, when compared t o  Hi ld ing ' s  

i t  was found t h a t  when t h e  quant i ty  (1 $. T 0 / T  ) was p lo t t ed  versus  t h e  I w  

dynamic q u a l i t y  (0) as shown i n  f i g u r e  ( 4 ) ,  a u s e f u l  c o r r e l a t i o n  r e su l t ed .  

The following expressions c o r r e l a t e  t h e  da t a  very w e l l  f o r  

q u a l i t i e s  between 10 and 95 percent:  

f o r  1 .0  > 0 > 0.745 

f o r  0.745 > 0 > 0.1 
1 -I- TIO/Tw = 1.735 0 0.111 (11-16) 



0 

-I 

n 
3 

33 

3 

3 

9 

3 

I l  

3 

t 
0 

J 
0 

d 0  m 



29 

The above expressions are solved f o r  t h e  r a t i o  of i n t e r f a c i a l  

t o  w a l l  shear stress and used as an input  t o  t h e  w a l l  shear stress 

c o r r e l a t i o n  of Kammula [21]. Once t h e  w a l l  shear stress i s  obtained from 

t h i s  c o r r e l a t i o n ,  t h e  i n t e r f a c i a l  shear  stress i s  determined from 

equation (11-16). 

i n t e r f a c i a l  shear  stress co r re l a t ion .  

Appendix B conta ins  a d iscuss ion  of t h e  use of t h i s  

3 .  Assumed P r o f i l e s  

The experimental measurements of v e l o c i t y  and temperature pro- 

f i l e s  i n  two-phase annular flow i s  an area of t he  l i t e r a t u r e  where very 

l imi ted  information can -be  obtained. 

success fu l  technique f o r  making l o c a l  ve loc i ty  measurements i n  t h e  

annular l i q u i d  region. 

of t h e  wavy i n t e r f a c e  and t h e  r e l a t i v e l y  small thickness of t h e  s t a b l e  

A s  y e t ,  t h e r e  appears t o  be no 

This i s  due mainly t o  t h e  random f l u c t u a t i o n s  

po r t ion  of t h e  l i q u i d  f i lm.  

d i s t r i b u t i o n s  i n  t h e  annular region of single-component condensing flows. 

V i r tua l ly  no d a t a  w a s  found on temperature 

Several  i n v e s t i g a t o r s  [53, 54,  551 have probed the  core region 

of an  a d i a b a t i c  two-component mixture flowing annularly.  

genera l  agreement that t h e  ve loc i ty  p r o f i l e s  appear s i m i l a r  t o  those of 

fully-developed,single-phase tu rbulen t  flows bu t  more peaked. G i l l  E551 

i n d i c a t e s  t h a t  due t o  t h e  presence of t h e  annular l i q u i d  flow, t h e  velo- 

There is  a 

c i t y  p r o f i l e s  are s t r i k i n g l y  d i f f e r e n t ,  having an almost parabol ic  shape. 

Also,  h i s  r e s u l t s  suggest t h a t  t h e  ve loc i ty  p r o f i l e  and turbulence 

c h a r a c t e r i s t i c s  of t h e  disperse-phase core i n  annular flow is  pr imar i ly  

cont ro l led  by t h e  roughness of t he  film-covered w a l l ,  and s o  f a r ,  t h e r e  

i s  no evidence of any d i r e c t  e f f e c t  of t h e  spray. He  concludes t h a t  
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t h e r e  i s  no t  enough d a t a  a v a i l a b l e  a t  t h i s  t i m e  t o  model accu ra t e ly  t h e  

c o r e  v e l o c i t y  p r o f i l e ,  Cravarolo [ 5 3 ]  i n d i c a t e s  a s i m i l a r  t r e n d  base.d 

on d a t a  taken  a t  a p o i n t  140 d iameters  from t h e  en t r ance  of a n  a d i a b a t i c  

two-component system. The p r o f i l e s  were i n  g e n e r a l  s t e e p e r  t h a n  s ing le -  

component flow and became more f l a t t e n e d  as t h e  gas  f low rate increased .  

A more d e t a i l e d  d i scuss ion  of v e l o c i t y  d i s t r i b u t i o n s  i n  two-phase annular  

flow may be  found i n  r e fe rences  [121 and [13] ,  

Because of t h e  l a c k  of exper imenta l  d a t a  on v e l o c i t y  and tempera- 

t u r e  d i s t r i b u t i o n s ,  t h e r e  have been numerous hypotheses made on t h e  analy- 

t i c a l  d e s c r i p t i o n  of t h e  p r o f i l e s .  In  gene ra l ,  t h e s e  f a l l  i n t o  two 

classes - modi f i ca t ions  of t h e  Prandtl-Nikuradse u n i v e r s a l  p r o f i l e s  and 

t h e  power-law type .  

t h e  p a r t i c u l a r  cases where they  are employed, t h e r e  are no u n i v e r s a l l y  

accepted a n a l y t i c a l  models. For t h i s  reason ,  t h e  v e l o c i t y  p r o f i l e  

While these p r o f i l e s  are shown t o  work w e l l  f o r  

.models t o  be  used i n  t h i s  a n a l y s i s  are of t h e  power-law type  wi th  t h e  

exponents l e f t  as independent v a r i a b l e s .  

express ions :  

They are given by t h e  fol lowing 

(11-18) 

The assumed p r o f i l e s  s a t i s f y  t h e  boundary cond i t ions  f o r  v e l o c i t y  t h a t  

a t  y = 0 ,  uL =: 0 (11-19) 

a t  y = 6 ,  uL = u = VI (11-20) 
G 
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and, a t  y = R, u = V& (11-21) G 

Since it is  assumed i n  t h i s  ana lys i s  t h a t  t h e  thermal proper- 

t ies are func t ions  of t h e  l o c a l  s a t u r a t i o n  temperature only, specifying 

a temperature p f o f i l e  w i l l  a l s o  spec i fy  t h e  enthalpy d i s t r i b u t i o n .  By 

t h e  na tu re  of equation (11-4), enthalpy is a convenient parameter, and 

t h e  following d i s t r i b u t i o n s  are assumed: 

hG = h 
g 

(11-22) 

(11-23) 

The boundary conditions t h a t  are s a t i s f i e d  are t h a t  

a t  y = 0, hL = hfw (11-24) 

a t  y = 6 ,  hL = h and hG = h 
f g 

(11-25) 

(11-26) 
at = R y  hG = g 

The assumed p r o f i l e s  allow t h e  freedom of a r b i t r a r i l y  varying 

t h e  shape of t h e  p r o f i l e  as a func t ion  of t h e  d i s t ance  from t h e  con- 

denser entrance,  thereby allowing developing flows and determining t h e  

e f f e c t  of v e l o c i t y  and enthalpy d i s t r i b u t i o n  on the  dependent va r i ab le s  

P,  6 ,  VI, and V t  . Also, by assuming t h e  exponents m, n ,  and R equal 

t o  zero,  t h e  a n a l y s i s  reduces t o  a one-dimensional ana lys i s  s imilar  t o  

t h a t  of Goss [ 3 5 ] .  

4 .  Simpl i f i ca t ion  of t h e  Equations 

Upon s u b s t i t u t i o n  of t h e  assumed p r o f i l e s  i n t o  t h e  set  of 

i n t e g r a l  equations (11-1 through 11-4) and performing t h e  i n t e g r a t i o n  

i n  t h e  r a d i a l  d i r e c t i o n ,  followed by the  d i f f e r e n t i a t i o n  with respec t  

t o  the  independent v a r i a b l e  (x), with much rearranging and combining, 
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t h e  following s e t  of non-linear, f i r s t  o rder ,  ordinary d i f f k r e n t i a l  

equations,  w r i t t e n  i n  index nota t ion ,  r e s u l t s :  

a , ,  j = bi 
lJ dx 

(11-27) 

The d e t a i l s  of t h e  s impl i f i ca t ion ,  along with the  d e f i n i t i o n s  

.of t h e  c o e f f i c i e n t  matrix (a . . )  and t h e  column matrix (b.)  are given i n  

Appendix C .  

1J 1 

C. S t a r t i n g  Equations 

The equations (11-27) form a set of non-linear, f i r s t  order,  

ordinary d i f f e r e n t i a l  equations which may be solved by numerical techniques 

a t  any ' ax ia l  p o s i t i o n  o ther  than a t  t h e  i n l e t  of t h e  condenser. 

po in t ,  assuming t h e  annular f i l m  has  not formed, t h e  equation derived 

from Newton's Second Law applied t o  t h e  annular l i q u i d  region (11-3) re- 

duces t o  a i e r o  i d e n t i t y .  Since i t  is  impossible t o  solve t h e  t h r e e  re- 

maining equations f o r  t h e  fou r  dependent v a r i a b l e s ,  a set of a lgeb ra i c  

equations which apply a t  t h e  entrance only w i l l  be developed. 

A t  t h i s  
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Applying t h e  same fundamental l a w s  used t o  der ive  t h e  i n t e g r a l  

equations (11-1 through 11-4) t o  t h e  con t ro l  volumes shown i n  f i g u r e  ( 5 )  

y i e l d s  a s e t  of f o u r  non-linear a lgeb ra i c  equations which may be applied 

a t  the  inlet  of t h e  condenser, provided an annular l i q u i d  region has not  

formed. 

are : 

The assumptions made i n  t h e  development of t h i s  set of equations 

1. The flow i s  one-dimensional. 

2. I f  t h e  dynamic q u a l i t y  is  less than uni ty  ( i . e . ,  some 

condensate e n t e r s  t h e  tube),  a l l  of t h e  l i q u i d  flow is  

assumed as entrainment. This entrainment flow rate and 

t h e  assoc ia ted  entrainment flow area are assumed t o  re- 

main constant over t h e  increment. 

The i n t e r f a c i a l  ve roc i ty  i s  equal t o  twice t h e  average '3.  

l i q u i d  f i l m  ve loc i ty .  

'4 .  The d e n s i t i e s  and en tha lp i e s  of each phase remain con- 

s t a n t  over t h e  increment. 

5. The w a l l  and i n t e r f a c i a l  shear  stiesses are known. 

6. The w a l l  hea t  f l u x  is  known. 

7.  The s t a t i c  pressure ,  t h e  t o t a l  flow r a t e ,  t h e  t o t a l  

area, and the  dynamic q u a l i t y  a t  t h e  i n l e t  are given. 

Mass 

Applying t h e  conservation of m a s s  t o  t h e  con t ro l  volume 

( f igu re  5) f o r  t h e  e n t i r e  flow r e s u l t s  i n  

(11-28) 
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, 

Figure 5. Control Volumes a t  t h e  I n l e t  
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which, when solved f o r  t he  gas ve loc i ty  a t  t h e  po in t  Dx, y i e l d s :  

(11-29) 
Momentum 

As i n  t h e  development of t h e  i n t e g r a l  equations, Newton's 

Second Law i s  applied t o  both the  con t ro l  volume f o r  t h e  e n t i r e  flow 

and t h e  con t ro l  volume f o r  t h e  l i q u i d  annulus only ( f igu re  5) .  When 

applied t o  the  t o t a l  flow, t h e  r e s u l t  is  

which, when solved f o r  the  s t a t i c  pressure  a t  t h e  point &,y ie lds :  

P 

(11-31) 

'Newton's Second Law applied t o  t h e  annular l i q u i d  f i l m  y ie lds :  
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o r ,  by rearranging . .  and reca l l ing  assumption 3, 

(11-33) 

The area and thickness of t he  annular l i qu id  f i lm  may be wr i t t en  as: 

A, = A, - A,- A, (11-34) 

and 

(11-35) 

Subst i tut ion of equations (11-34) and (11-35) in to  equation 

(11-33), and solving for the  l i qu id  velocity, r e s u l t s  i n :  ' 

Energy 

Applying t h e  conservation of energy t o  t he  control  volume 

f o r  t he  t o t a l  f l o w  ( f igure  5) r e s u l t s  i n  
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which, when solved f o r  the  area of the  gas a t  the  point Dx, yields:  

(11-38) 

From the  area of t he  gas,  t h e  annular l iqu id  f i lm  thickness may be 

obtained from equation (11-35). 

The above equations (11-29, 11-31, 11-36, and 11-38) form a 

A ,and P. L' 'GJ G set of non-linear, a lgebraic  equations i n  the  var iab les  V 

Given t h e  i n l e t  pressure,  the dynamic qua l i ty ,  t he  t o t a l  area, and the  

t o t a l  flow r a t e , ' t h e s e  equations can be solved by an i t e r a t i v e  method 

of successive subs t i tu t ions .  The procedure i s  as follows: 

1. Assume values  f o r  the  l i qu id  ve loc i ty  (VL), t h e  gas area 

(AG), and t h e  w a l l  and i n t e r f a c i a l  shear stresses. 

2. Solve equation (11-29) f o r  the  gas ve loc i ty  (V ) and G 

equation (11-31) for  t h e  s ta t ic  pressure (P) . 
3.  From these quant i t ies ,  ca lcu la te  new values f o r  t he  l i qu id  

ve loc i ty  from equation (11-36) and the  gas area from equa- 

t i o n  (11-38). 

4.  Repeat s teps  (2) and (3) u n t i l  t he  difference between 

successive approximations is  less than one percent of t h e  
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l a tes t  approximation.. 

5 .  C a l c u l a t e  t h e  l i q u i d  f i l m  t h i c k n e s s  from equat ion  (11-35). 

- _ _  . 
D. Method of S o l u t i o n  - 

A s  s t a t e d  i n  t h e  assumptions,  i t  is  assumed t h a t  t h e  wall  temp- 

e r a t u r e  and w a l l  h e a t  f l u x  are known as a f u n c t i o n  of a x i a l  p o s i t i o n .  

Given t h e  i n l e t  c o n d i t i o n s  of p r e s s u r e ,  t o t a l  f low rate, and dynamic 

q u a l i t y ,  t h e  complete f low p a t t e r n  can b e  so lved  from t h e  i n l e t  t o  t h e  

p o i n t  of complete condensa t ion  by us ing  t h e  equa t ions  and c o r r e l a t i o n s  

developed i n  t h e  prev ious  s e c t i o n s  0.f t h i s  r e p o r t .  Due t o , t h e  complex 

form of t h e  equa t ions ,  a closed-form so lu tFon is  no t  f e a s i b l e  a t  t h i s  

t i m e .  To solve t h e  equa t ions  numer ica l ly ,  t h e  fo l lowing  s t e p s  were i 

c a r r i e d  o u t :  

1. Choose a n  increment i n  t h e  a x i a l  d i r e c t i o n .  The b e s t  

cho ice  of an increment  s i z e  i s  a -funct ion of many v a r f a b l e s .  

The two main funckions are t h e  a lgo r i thm used t o  s o l v e  t h e  

equa t ions  and t h e  accuracy of t h e  d i g i t a l  computer used .  

A thorough d i s c u s s i o n  of numer ica l  t echniques  f o r  s o l v i n g  

o r d i n a r y  d i f f e r e n t i a l  equa t ions  may b e  found i n  r e f e r e n c e  

[281 

2. Apply t h e  s t a r t i n g  equa t ions  (11-29, 11-31, 11-36, and 11-38) 

' t o  t h e . f i r s t  increment  t o  o b t a i n  t h e  v a r i a b l e s  a t  t h e  p o i n t  

Dx. 'If a n  annu la r  p a t t e r n  e x i s t s  a t  t h e  i n l e t  and t h e  

V i  , 6 ,  and P are  known, t h i s  ste.p may b e  I' v a r i a b l e s  V 

omi t t ed .  
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.. . . -  

3 ,  Solve f o r  t h e  numerical  va lues  of t h e  d e r i v a t i v e s  i n  

equat ions  (11-27). S ince  all v a r i a b l e s  are known a t  an 

axial  p o s i t l o n  x,  equat ions  (11-27) may be  solved numer- 

i c a l l y  a s  a s e t  of s imultaneous l i n e a r  equat ions  f o r  t h e  

numerical  v a l u e s  of t h e  d e r i v a t i v e s  (d$ ./dx) a t  t h i s  

p o s i t i o n .  The method used i n  t h i s  r e p o r t  i s  t h e  IBM 
J 

S c i e n t i f i c  Subrout ine SIMQ [56]. 

4. E u l e r ' s  method of numerical  i n t e g r a t i o n  i s  then  u t i l i z e d  

t o  determine v a l u e s  of t h e  dependent v a r i a b l e s  a t  a pos i -  

t i o n  x 3- Dx. 

(11-39) 

It w a s  decided t o  use  Euler's method even though i.t i s  

a f i r s t  o rde r  procedure s i n c e  most h ighe r  o rde r  methods 

r e q u i r e  several r e c a l c u l a t i o n s  of t h e  d e r i v a t i v e s  i n  

equa t ions  (11-27). Inasmuch as t h e  c a l c u l a t i o n s  i n  

s t e p  ( 3 )  are r a t h e r  l eng thy ,  t h e  u s e  of E u l e r ' s  method 

a long  wi th  a s m a l l  increment s i z e  i s  a c t u a l l y  more 

f e a s i b l e .  A s t e p  s i z e  of 0.05 f t  was found t o  b e ' o p t i -  

mum f o r  t h e  d a t a  presented i n  t h i s  r e p o r t .  There w a s  

a n e g l i g i b l e  change i n  t h e  r e s u l t s  when t h e  increment 

was reduced, u n t i l  a v a l u e  of 0.005 f t  where round-off 

. e r r o r  began t o  d i s t o r t  t h e  s o l u t i o n .  Fur ther  d i s c u s s i o n  

on t h i s  p o i n t  i s  contained i n  r e f e r e n c e  [ 5 7 ] .  
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5. Determine the remainder of the parameters at the axial 

position x + Dx from the variables 'j 

6. Repeat steps (3 through 5) until the point of complete 

condensation occurs e 



111. RESULTS ANI) DISCUSSION 

The a n a l y s i s  prescntecl i n  t h e  prev ious  s e c t i o n s  of t h i s  r e p o r t  

w a s  programmed f o r  u s e  on t h e  V i r g i n i a  Poly technic  I n s t i t u t e  Computer 

Center ' s  I.B.M. 360/65 Digi ta l .  Computer. 
- 

- 

A. C o r r e l a t i o n  wi th  Experimental  Data 

The a n a l y t i c a l  r e s u l t s  were compared wi th  d a t a  from three 

exper imenta l  i n v e s t i g a t i o n s .  The s p e c i f i c  runs  chosen f o r  comparison 

were numbers 62364 and 72764 of t h e  d a t a  r epor t ed  by Hi ld ing  1361, num- 

b e r s  22 and 32 of T a l i a f e r r o  )[20],  and numbers 171 and 172 of Goodykoontz 

and Dorsch [37].  Herea f t e r ,  t h e s e  d a t a  w i l l  b e  r e f e r r e d  t o  as UCONN, VPI, 

and NASA, r e s p e c t i v e l y .  The parameters  compared were t h e  s t a t i c  p re s su re  

d i s t r i b u t i o n s  f o r  a l l  s i x  runs  and t h e  average gas  v e l o c i t i e s  f o r  t h e  

'UCONN r u n s .  S t a t i c  p re s su re  d i s t r i b u t i o n s  f o r  t h e  UCONN arLd VPI d a t a  are 
, 

shown i n  f i g u r e s  (6) through ( 9 ) .  Although .no t  i l l u s t r a t e d  g r a p h i c a l l y ,  

dynamic q u a l i t y  d i s t r i b u t i o n s  and t o t a l  condensat ion l eng ths  compared 

extremely vei l  i n  a l l  cases where experimental  dat.a was avai l -able .  For 

t h e  pa r ' t i cu l a r  cases t e s t e d ,  t h e  dynamic q u a l i t y  remained approximately 

a l i n e a r  f u n c t i o n  of ' a x i a l  p o s i t i o n  and was no t  a f f e c t e d  s u b s t a n t i a l l y  

by va ry ing  o t h e r  parameters  i n  t h e  a n a l y s i s .  

There are f i v e  main parameters  which may b e ' v a r i e d  i n  t h e  

a n a l y s i s .  , These are t h e  t h r e e  p r o f i l e  exponents (m, n ,  and a ) ,  t h e  

entrainment  s l i p  r a t i o  (S ) ,  and t h e  entrainment  flow c o r r e l a t i o n  

v a r i a b l e  (y) , I n  most .cases, t h e  v a r i a t i o n  of t h e  v e l o c i t y  and en tha lpy  

p r o f i l e  exponents had a n e g l i g i b l e  e f f e c t  02 the ax ia l  s t a t i c  p res su re  

E 

. 

4 1  
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43 

44 

42 

I 

40 

n 
.rl rn a 
v .  

3 38 

z v3 

pc 

u 
H J 36 
u3 
I 

PI 

34 

32 0 

O-UCONN Run 72764 
ANALYTICAL RESULTS 

m n R S E y  
0.2  0.1 0.1 1.0 1.0 

---- 0 0 0 1.0 1.0 
--- 0 . 2  0.1 0.1 0.8 0.8 
---- 0.2  0.1 0.1 0 . 6  0 . 6  

4 8 12  

X-AXIAL POSITION ( f  t) 

16 

Figure  7. Axial P r e s s u r e  D i s t r i b u t i o n  f o r  UCONN Run 7276% 



44 



45 

0 

0 co 
\o m 

I '  
I 
I 
I 
P 

c 



dis t r ibu t ions  and the  other var iables  i n  the  analysis .  The UCONN data  

is ,  i n  general, f o r  high-velocity condensing steam (entrance v e l o c i t i e s  

i n  excess of 600 f p s ) ,  and a var ia t ion  i n  the  shape of the ve loc i ty  pro- 

f i l e s  alters the  momentum contribution t o  the  s t a t i c  pressure change 

more (f igures  6 and 7) than f o r  t he  lower ve loc i ty  VPL runs (f igures  8 

and 9 ) .  A difference i s  seen i n  f igures  (6) and (7)  between t h e  two- 

dimensional and one-dimensional ( a l l  exponents equal t o  zero) models f o r  

y and S equal t o  uni ty .  E 
Since the  shape of the p ro f i l e s  seem t o  have very l i t t l e  e f f e c t  

on the  ana ly t ica l  r e s u l t s ,  the  p ro f i l e s  which w e r e  used t o  obtain the  

remainder of t he  r e s u l t s  were a one-fifth ve loc i ty  p r o f i l e  f o r  the  core 

and one-tenth p r o f i l e s  f o r  the  veloci ty  and the  enthalpy d is t r ibu t ions  

i n  the  annular l i qu id  fi lm. 

reported i n  the ra ther  l i m i t e d  experimental data  which is discussed i n  

These p r o f i l e s  agree. with t h e  general  t rends 

the  previous sect ions of t h i s  thes i s .  Analytical  solut ions f o r  develop- 

ing type flows (i .e. ,  p ro f i l e s  which vary from zero a t  the  entrance as 

a function of a x i a l  posi t ion)  show no appreciable difference as compared 

t o  f u l l y  developed flows; again, any difference being f o r  t he  higher 

ve loc i ty  runs. 

The e f f e c t  of varying the  entrainment s l i p  r a t i o  (SE) and the  

entrainment cor re la t ion  var iab le  (y) on the  a x i a l  s t a t i c  pressure d i s t r i -  

bution i s  a l so  i l l u s t r a t e d  i n  f igures  (6)through(9). I n  a11 cases, a 

reductioa i n  S and y below a value of uni ty  reduces the  ove ra l l  s t a t i c  E 

pressure drop. The e f f ec t  is  not a s  grea t  on the  lower ve loc i ty  VPI runs. 

As discussed previously, the  entrainment cor re la t ion  var iab le  (y) i s  in- 

cluded t o  account approximately fo r  a var iab le  entrainment s l i p  r a t i o  
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i n  t h e  experimental d a t a  reduction ana lys i s .  This d a t a  reduct ion  analy- 

sis [35]  w a s  used t o  obta in  t h e  d a t a  from which t h e  entrainment cor re la -  

t i o n  w a s  derived. For t h i s  reason, t h e  a n a l y t i c a l  r e s u l t s  are normally 

presented with S and y being equal. 

t h e  sepa ra t e  e f f e c t s  of varying S 

t i o n s  and o ther  v a r i a b l e s  i n  t h e  ana lys i s  w i l l  be i l l u s t r a t e d .  

I n  a la ter  s e c t i o n  of t h i s  chapter ,  

and y on t h e  s ta t ic  pressure  d i s t r i b u -  

E 

E 

The axial  s t a t i c  pressure  d i s t r i b u t i o n s  shown i n  f i g u r e s  (6) 

through(9) have t h e  same genera l  shapes. Af te r  some maximum s t a t i c  pres- 

s u r e  drop, t h e  f r i c t i o n a l  pressure  drop becomes less than t h e  pressure  

recovery due t o  t h e  change i n  momentum. A t  t h a t  po in t ,  t h e  s t a t i c  

pressure  begins t o  increase .  This i s  due pr imar i ly  t o  t h e  decrease i n  

t h e  w a l l  shear stress which i s  a consequence of t h e  thickening of t h e  

annular l i q u i d  f i lm.  I n  a l l  cases,  no apprec iab le  devia t ions  between 

t h e  one-and two-dimensional r e s u l t s  were observed u n t i l  t h e  pressure  

recovery,due t o  t h e  change i n  momentum,significantly o f f s e t  t h e  f r i c -  

t i o n a l  pressure  drop. 

A s  discussed 

l i m i t a t i o n s  t o  each of 

a n a l y t i c a l  r e s u l t s  are 

. -  
i n  t h e  Review of L i t e r a t u r e ,  t he re  are c e r t a i n  

t h e  sets of experimental d a t a  t o  which t h e  

compared. A l l  t h r e e  experimental f a c i l i t i e s  were 

cooled e x t e r n a l l y  by cooling water flowing i n  a co-axial tube. The UCONN 

f a c i l i t y  cons is ted  of a ho r i zon ta l  1 1/16-inch i . d .  copper tube.  The 

system w a s  not w e l l  instrumented i n  t h e  entrance region. The a n a l y t i c a l  

r e s u l t s  shown i n  f i g u r e s  (6 and 7) cannot be considered as t y p i c a l  r e s u l t s .  

Of t h e  s i x  sets of UCONN d a t a  co r re l a t ed ,  f i g u r e s  (6 and 7) show t h e  

c l o s e s t  comparison with experimental s t a t i c  pressure  da ta .  For o the r  

runs,  t h e  ana lys i s  pred ic ted  o v e r a l l  p ressure  drops which were l a r g e r  
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- 

than  those  r epor t ed  i n  r e fe rence  [ 3 6 ] .  

The VPI f a c i l i t y  cons i s t ed  of a 3/4-inch i . d .  copper tube  

o r i e n t e d  f o r  ver t ica l  downward flow. The d a t a  is s u b j e c t  t o  t h e  

l i m i t a t i o n  t h a t  complete condensat ion does no t  occur  i n  t h e  tube .  

Dynamic q u a l i t i e s  a t  t h e  e x i t  ranged from 18 t o  72 pe rcen t .  

eral agreement between a n a l y t i c a l  and experimental  r e s u l t s  shown i n  

f i g u r e s  (8 and 9) f o r  t h e  s t a t i c  p res su re  d i s t r i b u t i o n s  are t y p i c a l  of 

The gen- 

the fou r  sets of VPI d a t a  c o r r e l a t e d  f o r  t h i s  i n v e s t i g a t i o n .  The e f f e c t  

of vary ing  t h e  p r o f i l e  exponents and t h e  entrainment  s l i p  r a t i o  was much 

less f o r  t h e  lower v e l o c i t y  VPI runs than  f o r  t h e  UCONN d a t a .  

For t h e  NASA d a t a ,  a 0.293-inch i . d .  copper tube  o r i e n t e d  

f o r  ve r t i ca l  downward f low w a s  used as a condenser.  The annular  gap 

between t h e  condenser t ube  and t h e  cool ing  w a t e r  j a c k e t  w a s  on ly  0.064 

inch .  The s m a l l  gap induced h igh  coolan t  v e l o c i t i e s  a t  low coolant  m a s s  

F igure  (10) i l l u s t r a t e s  t h e  agreement obta ined  between ana- . f low rates. 

l y t i c a l  r e s u l t s  and experimental  d a t a  f o r  t h e  NASA d a t a .  

t h e  NASA d a t a  can be  ca t egor i zed  i n t o  two classes - t hose  similar t o  

In g e n e r a l ,  

run  172 i n  which t h e  s t a t i c  p r e s s u r e  remained f a i r l y  cons tan t  o r ,  as 

i n  run  171, where t h e  o v e r a l l  p re s su re  drop i s  q u i t e  l a r g e .  Runs 1 7 1  

and 172 w e r e  chosen as examples s i n c e  they are a c t u a l l y  q u i t e  s i m i l a r  

runs .  A t  t h e  en t r ance  f o r  bo th  runs ,  t h e  dynamic q u a l i t y ,  t h e  t o t a l  

steam flow rate, t h e  s t a t i c  p r e s s u r e ,  and, as a r e s u l t ,  t h e  vapor  velo-  

c i t y  and Reynolds number, were equal .  NASA runs  171  and 172 d i f f e r  only 

i n  e x t e r n a l  thermal  environments. The d i f f e r e n c e  w a s  t h a t  t h e  coolan t  

f low rate f o r  r u n  172 w a s  approximately 65 pe rcen t  h ighe r .  It w a s  a l s o  
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i nd ica t ed  [37]  t h a t  f o r  t h e  same ent rance  conditions,  a f u r t h e r  i nc rease  

i n  t h e  coolant f1057’rate resulted. i n  runs i n  which t h e  s t a t i c  pressure  

increased throughout t h e  run. The a n a l y t i c a l  r e s u l t s  repea ted ly  pre- 

d i c t ed  t o o  l a r g e  a pressure  drop f o r  t h e  s m a l l  p ressure  drop runs and 

vice ve r sa ,  as i l l u s t r a t e d  i n  f i g u r e  (10). A s  mentioned previously,  t h e  

i n l e t  reg ion  of t h e  NASA condenser w a s  no t  completely instrumented,and 

accura te  i n l e t  conditions are d i f f i c u l t  t o  obtain.  A l s o ,  it should be  

emphasized t h a t  even though t h e  NASA flow parameters l i e  w e l l  w i th in  t h e  

region normally observed as t h e  annular-mist flow regime, no i n d i c a t i o n  

i s  made [37] as t o  t h e  flow p a t t e r n  obtained during t h e  a c t u a l  runs. 

Furthermore, some of t h e  NASA d a t a  w a s  subj-ect t o  pressure  f l u c t u a t i o n s .  

This w a s  probably due t o  t h e  presence of t h e  b o i l e r  and superheater i n  

t h e  condensation loop, whereas t h e  steam w a s  supplied from an e x t e r n a l  

source f o r  t h e  UCONN and VPI f a c i l i t i e s .  

Figure (11) i l l u s t r a t e s  a comparison of a n a l y t i c a l  r e s u l t s  and 

experimental d a t a  f o r  mass average gas v e l o c i t y  f o r  UCONN runs 62364 and 

72764. The major problem 

with t h i s  comparison is  t h a t  t h e  accuracy of t h e  present methods f o r  

measuring gas v e l o c i t i e s  i n  two-phase, annular-mist flows is  not known. 

Also shown i n  f i g u r e  (11) are t h e  pred ic ted  average gas  v e l o c i t i e s  f o r  

t h e  VPI d a t a  which are considered as 

The r e s u l t s  agree  wi th  t h e  t r end  of t h e  da t a .  

r e l a t i v e l y  low-velocity, two-phase, 

annular-mist runs i n  t h i s  i nves t iga t ion .  

exponents o r  t h e  entrainment parameters (S 

e f f e c t  on t h e  average gas v e l o c i t i e s .  

subsequent s ec t ion .  

Var ia t ions  of t h e  p r o f i l e  

E and y) have a n e g l i g i b l e  

This i s  discussed f u r t h e r  i n  a 
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Other t r ends  noted were t h a t  t h e  annular l i q u i d  l a y e r  th ickness  

increased  sharp ly  near  t h e  entrance and a l s o  as t h e  p o i n t . o f  complete 

condensation w a s  approached, while i nc reas ing  a t  a l e s s e r  rate f o r  i n t e r -  

mediate p o s i t i o n s .  I n  genera l ,  t h e  average l i q u i d  l a y e r  v e l o c i t y  

approached a maximum (never exceeding two f e e t  p e r  second) i n  t h i s  i n t e r -  

mediate region. 

B. Heat Transfer  Resul t s  

Normally, i n  t h e  design of condensers, only t h e  e x t e r n a l  ther -  

m a l  environment and t h e  vapor entrance condi t ions  are s p e c i f i e d .  

f o r e ,  energy removed from t h e  condenser' i n  t h e  form of hea t  must b e '  

There- 

determined with t h e  a i d  of a l o c a l  condensing h e a t  t r a n s f e r  c o e f f i c i e n t  

c o r r e l a t i o n .  The t h r e e  sets of .experimental d a t a  (UCONN, VPI, and NASA) 

with which t h i s  a n a l y s i s  is  compared spec i fy  both t h e  condenser wall 

temperature and t h e  temperature and flow rate  of . t h e  cooling wa.ter flow- 

- i n g  i n  t h e  annulus of a co-axial  tube.  Therefore,  t h e  wall hea t  f l u x  

may'be determined by applying an energy balance- t o  an increment i n  t h e  

a x i a l  d i r e c t i o n  of t h e  condensor tube. The l o c a l  hea t  t r a n s f e r  

c o e f f i c i e n t  may then be  obtained as a r e s u l t  of t h e  ana lys i s  using t h e  

experimental  w a l l  hea t  f l u x  and -wall temperature d i s t r i b u t i o n  as inpu t s .  

Figure (12)  compares a r ep resen ta t ion  of the ' l o c a l  h e a t  t r ans -  

f e r  c o e f f i c i e n t s  obtained a n a l y t i c a l l y  with experimental  da ta .  Essen t i a l -  

l y  a l l  of t he  NASA experimental d a t a  l i e s  wi th in  t h e  s o l i d  l i n e s  shown i n  

f i g u r e  (123. S imi l a r  l i n e s  i n d i c a t e  t h e  UCONN and VPI d a t a  as shown i n  

t h e  f i g u r e .  

d a t a  i s  r e p r e s e n t a t i v e  of t h e  hea t  t r a n s f e r  c o e f f i c i e n t  a t  a po in t  f-ive 

It should be emphasized t h a t  t h e  range shown f o r  t h e  VPI 
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inches  upstream of t h e  steam e x t r a c t i o n  p o i n t  on ly .  

a t r u e  r e p r e s e n t a t i o n  of l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  as a f u n c t i o n  

of a x i a l  p o s i t i o n  o r  dynamic q u a l i t y .  

Goodykoontz and Dorsch [ 3 7 ] ,  is b a s i c a l l y  one of t h e  l o c a l  h e a t  t r a n s f e r  

c o e f f i c i e n t  ve r sus  t h e  dynamic q u a l i t y .  

a similar t r end  and, i n  gene ra l ,  t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  

are s l i g h t l y  lower than  t h e  experimental  d a t a .  

It i s  t h e r e f o r e  n o t  

The c o r r e l a t i o n ,  as suggested by 

The a n a l y t i c a l  r e s u l t s  e x h i b i t  

C. The E f f e c t  of Varying t h e  S l i p  Ra t io  and 

t h e  Entrainment C o r r e l a t i o n  

The e f f e c t  of s imultaneously varying the entrainment  s l i p  (S ) 

and t h e  entrainment  c o r r e l a t i o n  v a r i a b l e  (y) on the s t a t i c  p re s su re  d i s -  

t r i b u t i o n s  has  been i l l u s t r a t e d  i n  f i g u r e s  (6) through(9) .  I n  a l l  cases, 

S and y are equa l  and decreas ing  them below u n i t y  tends  t o  decrease  t h e  

o v e r a l l  s t a t i c  p r e s s u r e  drop. 

E 

E 

This  r e s u l t  i s  a combination of two f a c t o r s .  

F i r s t ,  decreas ing  t h e  entrainment  s l i p  r a t i o  decreases  t h e  v e l o c i t y  of t h e  

en t r a ined  l i q u i d  p a r t i c l e s  and, t h e r e f o r e ,  al ters t h e  c o n t r i b u t i o n  of t h e  

momentum change t o  t h e  s t a t i c  p r e s s u r e  drop.  Secondly, decreas ing  t h e  

entrainment  c o r r e l a t i o n  v a r i a b l e  i n c r e a s e s  t h e  entrainment  flow rate as 

shown i n  f i g u r e  (13) f o r  run  72764. The increased  entrainment  flow rate 

reduces t h e  amount of l i q u i d  f lowing i n  t h e  annular  l i q u i d  f i l m ,  which i n  

t u r n . a f f e c t s  t h e  wall shea r  stress d i s t r i b u t i o n  as shown i n  f i g u r e  (14 ) .  

I n  a d d i t i o n  t o  t h e  d i r e c t  e f f e c t  of t h e  lower w a l l  shear  stress on t h e  

p re s su re  drop,  t h e  increased  entrainment  flow rate a l s o  alters t h e  momen- 

tum p res su re  drop s i n c e  t h e  a d d i t i o n a l  entrainment  flow has  e f f e c t i v e l y  

been moved from t h e  r e l a t i v e l y  s l o w  moving annular  f i l m  i n t o  t h e  high- 
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ANALYTICAL RESULTS 
m=O. 2 ,n=R=O. 1 

X-AXIAL POSITION ( f t )  

F igure  13. Entrainment Flow R a t e  Var i a t ions  f o r  UCONN Run 72764 
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@IALYTICAL RESULTS 

m=O. 2 ,n=R=O . 1 

X-AXIAL POSITION ( f t )  

F igure  '14. Wall Shear Stress Var ia t ions  f o r  UCONN Run 72764 
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ve loc i ty  core. 

The two e f f e c t s  mentioned above on t h e  s t a t i c  pressure  d i s t r i -  

bution are i l l u s t r a t e d  sepa ra t e ly  i n  f i g u r e  (15) f o r  run 72764. Of t h e  

two e f f e c t s ,  t h e  second e f f e c t  (i.e.,  t h a t  e f f e c t  of increased en t ra in-  

ment flow rate) proved t o  account f o r  about n ine ty  percent of t h e  varia- 

t i o n  of t h e  s t a t i c  pressure  drop. The increased entrainment flow rate  

also accounted f o r  t h e  majority of t h e  change i n  t h e  w a l l  shear stress 

shown i n  f i g u r e  (14) .  

Based on t h e  above r e s u l t s ,  i t  appears t h a t  t h e  amount of 

l i q u i d  flowing as entrained p a r t i c l e s  i n  t h e  gaseous core has  a s i g n i f i -  

can t  in f luence  of t h e  pred ic t ion  of t h e  o v e r a l l  p ressure  drop f o r  two- 

phase, annular-mist flow systems, whereas, t h e  r e l a t i v e  ve loc i ty  of t h e  

en t ra ined  p a r t i c l e s  has much less of an e f f e c t  on t h e  r e s u l t s .  

e f f e c t  i s  less s i g n i f i c a n t  f o r  the  lower v e l o c i t y  VPI  d a t a  than f o r  t h e  

This 

.high v e l o c i t y  UCONN da ta .  This is  because t h e  momentum e f f e c t s  are much 

less f o r  t h e  VPI data.  

D. The Ef fec t  of Varying t h e  

Shear Stress Corre la t ions  

Both the i n t e r f a c i a l  shear stress co r re l a t ion  presented i n  t h i s  

i nves t iga t ion  and t h e  w a l l  shear  stress c o r r e l a t i o n  of Kammula 1211 con- 

t a i n  parameters which are based on experimental d a t a ,  Since t h e  experi- 

mental d a t a  on w a l l  and i n t e r f a c i a l  shear stresses f o r  annular-mist 

condensing’flows i s  e s s e n t i a l l y  l imi ted  t o  t h e  UCONN da t a ,  i t  is  d i f f i c u l t  

t o  determine t h e  accuracy of these  co r re l a t ions  which are based on t h i s  

da ta .  One can, however, determine what in f luence  v a r i a t i o n s  of t he  w a l l  
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and i n t e r f a c i a l  shear 

the ana lys i s .  Before 

stress co r re l a t ions  would have on the  r e s u l t s  of 

pursuing the  e f f e c t s  of varying these  parameters, 

t h e  interdependence of t h e  w a l l  and i n t e r f a c i a l  shear stress c o r r e l a t i o n s  

must be r eca l l ed .  

The i n t e r f a c i a l  shear stress c o r r e l a t i o n  presented i n  t h i s  

i nves t iga t ion  i s  one of dynamic q u a l i t y  versus  t h e  r a t i o  of t h e  i n t e r -  

f a c i a l  shear stress t o  the  w a l l  shear stress. Before a numerical va lue  

of t h e  i n t e r f a c i a l  shear  stress can be obtained, t h e  w a l l  shear stress 

must be determined. 

stress c o r r e l a t i o n  and is ,  the re fo re ,  necessary i n  determining t h e  w a l l  

shear stress. Once T i s  known, t h e  i n t e r f a c i a l  shear stress follows 

from t h e  i n t e r f a c i a l  shear stress co r re l a t ion .  It i s  obvious t h a t  a 

This r a t i o  ( T  / T  ) is  an input  t o  t h e  w a l l  shear I w  

W 

change i n  t h e  i n t e r f a c i a l  shear stress c o r r e l a t i o n  w i l l  have an in f lu -  

ence on t h e  w a l l  shear  stress and vice versa. 

I n  t h e  following sec t ions ,  v a r i a t i o n s  of t he  parameters which 

are based on experimental d a t a  i n  t h e  shear stress c o r r e l a t i o n s  w i l l  be  

introduced. The inf luence  of these  v a r i a t i o n s  on t h e  two-phase, annular- 

mist flow system are discussed. 

I n t e r f a c i a l  Shear S t r e s s  Corre la t ion  

The i n t e r f a c i a l  shear stress c o r r e l a t i o n  used t o  ob ta in  t h e  

previously reported r e s u l t s  i s  reproduced i n  f i g u r e  (16) as the s o l i d  

l i n e s .  In  general ,  t h i s  co r re l a t ion  gives t h e  b e s t  r e s u l t s  f o r  t h e  t h r e e  

sets of d a t a  (UCONN, VPI, and NASA). A v a r i a t i o n  of t h e  i n t e r f a c i a l  shear 

stress c o r r e l a t i o n  is  shown as the  dashed l i n e  i n  the  f igu re .  The in f  lu- . 

ence of t h i s  v a r i a t i o n  on t h e  a x i a l  s t a t i c  pressure  d i s t r i b u t i o n s  f o r  

t h ree  runs is  shown i n  f i g u r e  (17)  as t h e  dashed curves. I n  a l l  cases,  
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t h e  s t a t i c  pressure  drop i s  decreased due t o  t h i s  va r i a t ion .  Due t o  t h e  

interdependence between t h e  w a l l  and i n t e r f a c i a l  shear stress co r re l a t ions ,  

t h e  w a l l  shear stress d i s t r i b u t i o n  i s  a l s o  influenced by t h i s  v a r i a t i o n .  

This in f luence  on UCONN run 72764 is  shown i n  f i g u r e  (18). The w a l l  shear 

stresses are, i n  genera l ,  lower. The e f f e c t  of t h e  v a r i a t i o n  of t h e  i n t e r -  

f a c i a l  shear stress c o r r e l a t i o n  shown i n  f i g u r e  (16) should be t o  inc rease  

T assuming no change i n  t h e  w a l l  shear stress. However, s i n c e  t h e  w a l l  

shear stress is  e s s e n t i a l l y  lower, t h e  n e t  e f f e c t  on T i t s e l f  i s  q u i t e  

small. 

I' 

I 

For some runs ,  t h e  v a r i a t i o n  of t h e  i n t e r f a c i a l  shear stress 

c o r r e l a t i o n  discussed above reduces t h e  s t a t i c  pressure  drop such t h a t  

t h e  experimental r e s u l t s  are b e t t e r  co r re l a t ed .  

72064 as i l l u s t r a t e d  i n  f i g u r e  ( 1 7 ) .  

An example i s  UCONN run 

With t h e  present  a v a i l a b l e  experimental da t a  f o r  annular-mist 

condensing flows, accura te  i n t e r f a c i a l  shear  stress c o r r e l a t i o n s  are 

q u i t e  d i f f i c u l t  t o  ob ta in .  

Wall Shear Stress Corre la t ion  

The modified von Karman constant suggested by Kammula [21] 

t h a t  is  shown i n  f i g u r e  ( 1 9 ) - i s  based on t h e  UCONN d a t a  only. The s o l i d  

curve i n  f i g u r e  (19) w a s  used t o  ob ta in  a l l  a n a l y t i c a l  r e s u l t s  presented 

previously i n  t h i s  i nves t iga t ion .  The curves correspond except f o r  high 

va lues  of t h e  momentum f l u x  r a t i o .  For c e r t a i n  runs,  t h e  a n a l y t i c a l  

r e s u l t s  i n  t h e  high q u a l i t y  regions (g rea t e r  than 0.9) showed c lose r  

agreement Gi th  t h e  experimental d a t a  when t h e  s o l i d  curve w a s  used i n  

l i e u  of t h e  one suggested i n  re ference  1211. Also shown i n  f i g u r e  (19) 

as t h e  dashed curve i s  an a r b i t r a r y  v a r i a t i o n  of t h e  modified von Karman 
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64 

100 

VARIATION TO 
SHOW EFFECT 5: LO 

8 

2 

0 

1 
3 
R 
5 z 
R 1  9 
bi 

0.2 
1 10 100 

1 + k -MOMENTUM FLUX RATIO 
P 

ire 19. Variat ions of the  Wall Shear Stress Correlat  ion 



65 

constant which is  employed i n  t h e  ana lys i s  t o  show t h e  e f f e c t  of vary- 

i ng  t h e . w a l l  shear  stress co r re l a t ion .  The e f f e c t  of varying t h i s  

parameter on t k  w a l l  shear stress f o r  UCONN run 72764 is  shown i n  

f i g u r e  ( 2 0 ) .  It i s  seen t h a t  t he  magnitude of t h e  w a l l  shear stress 

is  a f f ec t ed  s i g n i f i c a n t l y  by t h e  v a r i a t i o n .  A s  expected, t h i s  decreased 

t h e  s ta t ic  pressure  drop as i l l u s t r a t e d  by t h e  dashed curve i n  f i g u r e  

(21).  

b ly  a l t e r e d  (4 .0  p s i  compared t o  4.6 p s i ) .  However, t h e  maximum pressure 

The 'accuracy of t h e  o v e r a l l  s t a t i c  pressure  drop is not  apprecia- 

drop is  considerably lower ( 4 . 4  p s i  a t  13.5 f t  compared t o  6.0 p s i  a t  

8.5 f t  ) and occurs a t  a poin t  f a r t h e r  from t h e  condenser entrance.  Since 

t h e  w a l l  and i n t e r f a c i a l  shear stresses are uniquely r e l a t e d ,  t h e  i n t e r -  

f a c i a l  shear  stress va r i ed  by an amount propor t iona l  t o  t h e  d i f f e rence  

shown i n  f i g u r e  ( 2 0 )  f o r  t h e  w a l l  shear stress. I n  o ther  words, t h e  

i n t e r f a c i a l  shear  stress w a s  lower f o r  t h e  f i r s t  e igh t  f e e t  and higher 

f o r  t h e  remainder of UCONN run 72764. 

Although s imilar  r e s u l t s  w e r e  obtained f o r  o ther  runs,  t he re  

were c e r t a i n  sets of da t a  f o r  which s l i g h t  varia;ions i n  t h e  w a l l  shear 

stress c o r r e l a t i o n  tended t o  reduce t h e  discrepancy between a n a l y t i c a l  

and experimental r e s u l t s .  Again, t h e  need f o r  more accura te  and exten- 

sive experimental d a t a  i s  ind ica ted .  
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ANALYTICAL RESULTS 
m=O.2,n=R=O.l,SE=1.O,y=l.O 

- - -Var ia t ion  shown i n  Fig.19 
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F igu re  20. E f f e c t  of Varying t h e  Wall Shear S t r e s s  C o r r e l a t i o n  

f o r  UCONN Run72764 
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21. E f f e c t  of Varying t h e  Wall Shear Stress C o r r e l a t i o n  

on t h e  Axial P res su re  D i s t r i b u t i o n  f o r  UCONN Run 72764 



IV. CONCLUSIONS AND RECONMENDATIONS 

I n  t h i s  i n v e s t i g a t i o n  of t h e  two-phase, annular-mist  f low of 

a condensing vapor ,  t h e  fol lowing s i g n i f i c a n t  conclusions are drawn. 

The conclusions are based on t h e  numerical  r e s u l t s  obtained from t h e  

t h e o r e t i c a l  a n a l y s i s .  Where appropr i a t e ,  recommendations f o r  f u t u r e  

s t u d i e s  are included:  

1. 

2 .  

3 .  

4. 

The a n a l y t i c a l  model a c c u r a t e l y  p r e d i c t s  t h e  condenser 

l eng th  necessary  f o r  complete condensat ion and, w i th  a 

reasonable  degree  of accuracy,  t h e  dynamic q u a l i t y ,  h e a t  

t r a n s f e r  c h a r a c t e r i s t i c s ,  and s t a t i c  p res su re  d i s t r i b u t i o n .  

An i n t e g r a l  a n a l y s i s  is  presented  f o r  which t h e  assumed 

v e l o c i t y  and en tha lpy  p r o f i l e s  are t h e  power-law type.  

For t h e  range of temperatures  and p res su res  encountered 

i n  t h i s  i n v e s t i g a t i o n ,  vary ing  t h e  p r o f i l e  shapes has  a 

n e g l i g i b l e  e f f e c t  on t h e  dynamic q u a l i t y  and s ta t ic  

p res su re  d i s t r i b u t i o n s  a t  a l l  except  h igh  vapor v e l o c i t i e s .  

The a n a l y s i s  accounts  f o r  t h e  s l i p  between t h e  en t r a ined  

p a r t i c l e s  and t h e  vapor i n  t h e  gas  co re ,  A cons t an t  

entrainment  s l i p  r a t i o  (S ) i s  assumed. Reducing t h e  E 
r a t i o  below u n i t y  has  an  e f f e c t  of t h e  s ta t ic  p r e s s u r e .  

drop. The e f f e c t ,  however, i s  comparat ively s m a l l .  

Due t o  t h e  lack of entrainment  flow rate d a t a  a v a i l a b l e  

f o r  two-phase, annular-mist ,  condensing f lows,  a v a r i a b l e  

entrainment  c o r r e l a t i o n  i s  included i n  t h e  a n a l y s i s .  

68 
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Changing . .  t he  entrainment c o r r e l a t i o n  va r i ab le  (y) i n f lu -  

ences t h e  amount of l i q u i d  en t ra ined  as p a r t i c l e s  i n  t h e  

core.  

decreases t h e  s t a t i c  pressure drop. 

Varying t h e  i n t e r f a c i a l  shear stress c o r r e l a t i o n  and t h e  

Increasing t h e  entrainment flow rate s i g n i f i c a n t l y  
\ 

5. 

modified von Karman constant i n  t h e  w a l l  shear stress 

c o r r e l a t i o n  has a s i g n i f i c a n t  in f luence  on t h e  r e s u l t s  

of t h e  ana lys i s .  

6. More accura te  and extensive experimental d a t a  f o r  annular- 

m i s t  condensing flows are needed before t h e  w a l l  and i n t e r -  

f a c i a l  shear stress c o r r e l a t i o n s  and the  entrainment 

c o r r e l a t i o n  used i n  t h i s  ana lys i s  can be improved upon. 

Improved experimental techniques are a l s o  needed f o r  

measuring vapor and l i q u i d  f i l m  v e l o c i t y  and temperature 

d i s t r i b u t i o n s  i n  both t h e  r a d i a l  and a x i a l  d i r ec t ions  f o r  

a two-phase, annular-mist flow system. 

The ana lys i s  presented is  an  improvement over e x i s t i n g  methods 

f o r  pred ic t ing  pressure  drop, condensation length ,  and hea t  t r a n s f e r  

c h a r a c t e r i s t i c s  f o r  two-phase,annular-mist condensing flows. Ultimately,  

however, before accura te  pred ic t ions  f o r  two-phase,annular-mist flows can 

be made, an ana lys i s  which includes the  wavy i n t e r f a c i a l  phenomena a t  

t h e  liquid-gas i n t e r f a c e  must be developed. Undoubtedly, t h i s  w i l l  be 

a two-dimensional o r  three-dimensional, and possibly an unsteady state, 

ana lys i s .  
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VI. APPENDICES 

& p e n l k  A .  Derivat ion of t h e  I n t e g r a l  Equations - 

_. - - 

I n  t h i s  appendix, t h e  i n t e g r a l  equat ions (11-1 through 11-4) 

will be  der ived i n  accordance with t h e  assumptions s t a t e d  i n  s e c t i o n  

11-A of th i s  r epor t .  

Mass 

Applying t h e  conservat2on of mass t o  t h e  c o n t r o l  volume f o r  

t h e  e n t i r e  flow ( f igu re  2) gives:  

VJI- W G  JC W E  -F WL 

D i f f e r e n t i a t i n g  t h i s  expression with r e spec t  t o  the a x i a l  p o s i t i o n  g ives  

t h e  fol lowing equation: 

Defining t h e  core  void f r a c t i o n ,  

(A-2) 

r e s u l t s  i n  t h e  fol lowing i n t e g r a l  expressions f o r  f low r a t e  a t  any a x i a l  

p o s i t i o n  : 

d VJ, - 

- =  w4 - 

(A-3) 

(A-4)  
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where t h e  entrainment s l i p  r a t i o  is  defined as: 

- U E  (A-6) S€ = - LiLe 
Subs t i t u t ion  of t h e  expressions f o r  t h e  flow rates i n t o  equation (A-1) 

y i e l d s  t h e  i n t e g r a l  cont inui ty  equation (11-1): 

(A-7) 

where t h e  apparent mass dens i ty  of t h e  core i s  given by: 

Moment um 

The f o r c e s  on the  con t ro l  volume ( f igu re  2) f o r  the  e n t i r e  flow 

a re  : 

C Fx z. PA, - (P+ ~4f')P-r .rGw 

or 

Applying Newton's Second Law t o  t h e  c o n t r o l  volume gives: 

(A-9 
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S u b s t i t u t i n g  the i n t e g r a l  expressions (A-3 through A-5) f o r  the flow rates 

and d iv id ing  through by 2 n d ~  y i e l d s  t h e  i n t e g r a l  momentum equat ion  (11-2): 
n 

(A- 10) 

where t h e  apparent  momentum dens i ty  of t h e  core  is  given by: 

(A-11) 

Simi la r ly ,  t h e  f o r c e s  on t h e  c o n t r o l  volume f o r  t h e  l i q u i d  annulus only 

( f i g u r e  2) a r e :  

Neglect ing d i f f e r e n t i a l s  of h igher  order  g ives :  

The area of the l i q u i d  annulus normal t o  the flow d i r e c t i o n  is  given by: 

A L  - - ll 6 [ 2 R - 6 ) .  (A-12) 

Applying Newton's Second Law t o  t h i s  c o n t r o l  volume g ives :  

(A-13) 
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Subs t i t u t ing  (A-5) i n t o  (A-13) and d iv id ing  by 2xdx y i e l d s  t h e  i n t e g r a l  

momentum equaticn (11-3): 

(A-14) 

Energy 

The conservation of energy applied t o  t h e  con t ro l  volume 

( f i g u r e  2) f o r  t h e  e n t i r e  flow gives: 

(A-15) 
As s t a t e d  i n  t h e  assumptions, t h e  t o t a l  en tha lp i e s  are assumed as: 

(A-16) .  

(A-17) 

(A-18) 

Subs t i t u t ion  of equations (A-16 through A-18) ,  along with equations 

(A-3 thr0ugh.A-5), i n t o  the  energy equation (A-15) and rearranging 

y i e l d s  t h e  i n t e g r a l  energy equation (11-4) : 

(A-19) 
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where t h e  apparent k i n e t i c  energy dens i ty  and apparent enthalpy of t h e  

core are given by: 



Appendix B. C o r r e l a t i o n s  

Entrainment C o r r e l a t i o n  

As d i scussed  i n  s e c t i o n  II-B of t h i s  r e p o r t ,  t h e  v a r i a b l e  t h a t  

d e s c r i b e s  t h e  entrainment  f low ra te  i s  t h e  c o r e  void  f r a c t i o n  a. I n  

o r d e r  t o  u s e  t h e  entrainment  c o r r e l a t i o n  p resen ted  by Goss ( equa t ions  

11-9 and 11-10), an  expres s ion  r e l a t i n g  entrainment  flow rate and c o r e  

vo id  f r a c t i o n  mist b e  developed. Th i s  is  accomplished by using t h e  

d e f i n i t i o n s  of t h e  dynamic -qua l i t y  0 ,  t h e  entrainment  dynamic qua l - i ty  x , 
and t h e  c o r e  vo id  f r a c t i o n  a, which are: 

From equa t ion  (E-2),  

x =  
and w th  equat-Jn (B-3)  

80 
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Solving f o r  t h e  core  void f r a c t i o n  i n  (B-4) y ie lds :  

In  t h e  i n t e g r a l  equations (11-1 through 11-4), t h e  a x i a l  deriva- 

t ive of t h e  core  void f r a c t i o n  01 must be known as a func t ion  of the  axial 

der iva t ives  of t h e  primary dependent va r i ab le s  V I, V e ,  6 ,  and P. Dif- 

f e r e n t i a t i n g  equation (B-6) r e s u l t s  in :  

03-7 1 
Using t h e  appropr ia te  equations of s ta te  f511, 

r e s u l t s  i n  an expression f o r  t h e  change i n  t h e  dens i ty  r a t i o  with respec t  

to x as: 

The change i n  entrainment q u a l i t y  wi th  respec t  t o  a x i a l  p o s i t i o n  i s  

obtained from 
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where, from equations (11-9 and 11-10), 

and from equation (B-1) , 

The gas flow rate i s  given by 

Subs t i t u t ion  of equations (B-8, B-11,  and B-12) i n t o  equation 

(B-10) 

(B-11) 

(B-12) 

(B-7), and 

solving f o r  t h e  a x i a l  de r iva t ive  of t h e  core void f r a c t i o n  y i e l d s :  

(B-13) 
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o r ,  w r i t t e n  i n  index no ta t ion  form 

(B-14) 

where c = c. (VI, V+ , 6 ,  P) as defined by equation (B-13) 
j J 

JIl = VI 

JI, = VQ: 

$3 = 6 

$4 = p 

Equation (B-14) is  an expression f o r  t he  change of core void f r a c t i o n  

with respec t  t o  t h e  a x i a l  pos i t i on  as a func t ion  of t he  primary dependent 

va r i ab le s .  

Wall and I n t e r f a c i a l  Shear Stress Corre la t ions  

Kammula [21] has proposed a semi-empirical c o r r e l a t i o n  f o r  

determining w a l l  shear stress i n  annular two-phase flow. This cor re la -  

' t i o n  y i e l d s  va lues  of t h e  w a l l  shear  stress from an i t e r a t i v e  s o l u t i o n  

of equations (11712 through 11-14), presented previously,  given t h e  

following parameters: 

T - an i n i t i a l  guess of t h e  w a l l  shear  stress 

6 - l i q u i d  f i l m  thickness 

. wig 

WL 
R - tube rad ius  

- l i q u i d  f i l m  flow rate 

- l i q u i d  v i s c o s i t y  vL 
8 - dynamic q u a l i t y  

- l i q u i d  dens i ty  pf 
VL - l i q u i d  f i lm  v e l o c i t y  



84 

k - square roo t  of t h e  r a t i o  of t h e  gas t o  l i q u i d  momentum 
P 

f l u x e s  

T 

T 
I I - r a t i o  of t h e  i n t e r f a c i a l  t o  t h e  w a l l  sheas stress 

W 

A c o r r e l a t i o n  f o r  t h e  .ratio of t h e  i n t e r f a c i a l  t o  w a l l  shear 

stress as a func t ion  of dynamic q u a l i t y  i s  given by equation (11-14). 

It i s  t h e r e f o r e  poss ib l e  t o  ob ta in  t h e  w a l l  shear stress from t h e  cor- 

r e l a t i o n  of Rammula as described i n  

stress is  obtained, t h e  i n t e r f a c i a l  

equation (11-14). 
_ .  - - - -- 

Section 11-B-2. Once t h e  wall shear  

shear  stress i s  determined from 



Appendix _ _  C. Simpl i f ica t ion  of t h e  I n t e g r a l  Equations 

I n  t k i s  appendix, t h e  i n t e g r a l  equations (11-1 through 11-4), 

derived i n  Appendix A, w i l l  be  s impl i f ied  t o  a set  of fou r ,  non-linear, 

f i r s t  o rde r ,  ordlnary d i f f e r e n t i a l  equations (11-27) s u i t a b l e  f o r  solu-  

t i o n  by numerical techniques. The s i m p l i f i c a t i o n  involves s u b s t i t u t i n g  

t h e  assumed- v e l o c i t y  and enthalpy p r o f i l e s  

(11-17) 

(11-18) 

(11-22) 

i n t o  t h e  i n t e g r a l  equations and performing t h e  necessary i n t e g r a t i o n  and 

- d i f f e r e n t i a t i o n .  With t h e  use of t h e  entrainment co r re l a t ion  i n  t h e  form 

of equation (B-13, Appendix B ) ,  a set  of non-linear, ordinary d i f f e r e n t i a l  

V k  , 6 ,  and P and independent I’ equations with dependent va r i ab le s  V 

v a r i a b l e  $are obtained. 

Mass 

Subs t i t u t ion  of t h e  assumed p r o f i l e s  (11-17 and 11-18) i n t o  t h e  

i n t e g r a l  cont inui ty  equation (11-1) and i n t e g r a t i n g  between t h e  ind ica ted  

l i m i t s  y i e lds :  

85 
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D i f f e r e n t i a t i o n  of t h e  equations of s ta te  f o r  t h e  p rope r t i e s  

p and h with r e spec t  t o  a x i a l  p o s i t i o n  y i e l d  t h e  following expressions 

which are appl icable  t o  both t h e  l i q u i d  and vapor phase using t h e  

appropr ia te  equation of s ta te  da ta .  

Performing t h e  ind ica ted  d i f f e r e n t i a t i o n  i n  equation (C-1) 

with t h e  use  of equation (C-2) y i e l d s  t h e  d i f f e r e n t i a l  equation f o r  t h e  

conservation of mass 
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Moment um 

Applying a s imilar  procedure t o  t h e ' i n t e g r a l  momentum equation 

for t h e  e n t i r e  flow (11-2) y i e l d s  
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and, for the integral momentum equation for the liquid annulus (11-3) 

the result is 

Energy 

Substitution of the assumed profiles (11-17, 11-18, and 11-22) 

into the integral energy equation (11-4), performing the integration and 

differentiation and rearranging yields the differential equation for 

the conservation of energy 

3- 

-t. 
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The four  differential equations (C-4 through (2-7) may be written in 

index notation as: 

Substitution of the expression f o r  entrainment, equation (B-14), 

Appendix B yields: 

or, as in equation (11-27), 
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Equations ( C - 9 )  form a s e t  of four, non-linear, first order, ordinary 

differential equations. 
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THE EFFECT OF WATER VAPOR ON.THE BURNING RATE OF 
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P r o f e s s o r ,  Mechanical Engineer ing 
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Work has  been done on t h e  burning of wires o r i e n t e d  h o r i z o n t a l l y  

i n  environments a t  h igh  p res su res  when h e a t i n g  them t o  r u p t u r e  p o i n t  

by pass ing  a c u r r e n t  through them. The burning ra te ,  a long  w i t h  o the r  

phenomena, w a s  measured as t h e  flame moved a long  t h e  two p a r t s  of 

t h e  wire o r  r ibbon.  _ -  

It was proposed by P r o f .  C .H.  Long i n  1966 t h a t  a n  i n v e s t i g a t i o n  

should be  conducted on v e r t i c a l  wires i g n i t e d  a t  one end. These 

tests should be  conducted a t  e l eva ted  p r e s s u r e s  and tempera tures ,  

t h e  burning phenomena observed,  and t h e  burn ing  r a t e  determined f o r  

v a r i o u s  amounts of moi s tu re  and oxygen composing t h e  environment i n  

t h e  chamber. Th i s  was done i n  dry oxygen a t  room temperature  and p r e s s u r e s  

(31) up t o  f o r t y  atmospheres and r epor t ed  i n  September, 1967 a s  Phase I 

of t h i s  p r o j e c t .  

I n  1968 t h e  p r o j e c t  w a s  extended (Phase 11) by mixing g iven  

q u a n t i t i e s  of moi s tu re  w i t h  t h e  oxygen a t  p r e s s u r e s  up t o  twenty 

- atmospheres.  

- It was found t h a t  h e a t i n g  of t h e  oxygen and t h e  chamber wall  t o  

280°F approximately,  i n  o r d e r  t o  a l low a l l  t h e  moi s tu re  admit ted t o  



’ 

evapora te  i n t o  steam, had a very  d e f i n i t e  e f f e c t  of i n c r e a s i n g  t h e  

burning rate of aluminum and inagnesiurn .wires up t o  approximately 

f i f t e e n  atmospheres wh i l e  t h e  a d d i t i o n  of t h e  mois ture  increased  

t h e  burning rate of aluminum up t o  approximately s i x  atmospheres b u t  

had no b e n e f i c i a l  e f f e c t  on t h e  burning rate of magnesium. 



I. INTRODUCTION 

I n  c o n t r a s t  t o  t h e  ex tens ive  l i t e r a t u r e  on t h e  combustion of 

convent iona l  f u e l s ,  a r e l a t i v e l y  smal l  number of s t u d i e s  on coinbus- 

t i o n  of metals have been performed. U n t i l  on ly  a few y e a r s  ago, 

i n t e r e s t  i n  t h i s  f i e l d  was r e l a t e d  p r i m a r i l y  to . .such p r a c t i c a l  problems 

as t h e  prevent ion  of metal d u s t  explos ions  i n  mines and i n d u s t r y ,  t h e  

a t ta inment  of h igh  tempera tures ,  and t h e  product ion  of i n t e n s i v e  .. 

cont inuous o r  t r a n s i e n t  l i g h t  emission as  i n  commercial f l a shbu lbs .  

I n  r e c e n t  y e a r s ,  r e s e a r c h  i n  t h i s  f i e l d  has  been i n t e n s i f i e d  

under t h e  s t imu lus  of new t echno log ica l  developments. -.The s e v e r i t y  

of t h e  problem of m e t a l - f i r e  prevent ion  h a s  increased  g r e a t l y  wi th  - 
- .  t h e  use  of metals i n  high-temperature ar,d c o r r o s i v e  environments 

. _  

. encountered i n  supersonic  f l i g h t ,  rocke t  englnes  and j e t  propuls ion  

as well as nuc lea r  r e a c t o r  technology.  

m e t a l l i z e d  p r o p e l l a n t s  i n  p ropu l s ion ,  on t h e  o t h e r  hand, has  s t imu la t ed  

The use  of metal f u e l s  o r  

r e s e a r c h  both on i g n i t i o n  and on burning processes .  

u s ing  c e r t a i n  metals, p r e f e r a b l y  aluminum, as f u e l s  f o r  propuis ion  

The advantage of 
- 

and i n  o t h e r  a p p l i c a t i o n s  rests on t h e i r  ve ry  l a r g e  h e a t s  of com- 

bus t ion .  Metals can be  included i n  most convent iona l  s o l i d  p r o p e l l a n t s  

i n  t h e  form of powder o r  wires t o  i n c r e a s e  t h e  t h e o r e t i c a l  performance. 

I n  p r a c t i c e ,  t h e  improvement of performance o f t e n  f a l l s  s i g n i f i c a n t l y  

. s h o r t  o f  t h e  p r e d i c t i o n  because  of incomplete combustion. 

. Thus, a s i d e  from t h e  i n t r i n s i c  s c i e n t i f i c  i n t e r e s t  t h e r e  i s  

cons iderable  p r a c t i c a l  i n t e i e s t  i n  t h e  f a c t o r s  t h a t  i n f l u e n c e  t h e  

burning of metals. Because of t h e i r  q u a l i t i e s  as  meta l  a d d i t i v e s ,  
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aluminum and magnesium have always been i n  t h e  c e n t e r  of i n t e r e s t  

b e s i d e s  a v a r i e t y  of o t h e r  metals. 

The performance of  a l l  systems enploying t h e s e  metals can be 

improved when more informat ion  about  t h e  fundamentals of metal 

combustion i s  ob ta ined .  A knowledge of t h e  mechanisms and p h y s i c a l  

parameters  i n f l u e n t i a l  i n  t h e  k i n e t i c s  of metal combustion i s  

r e q u i r e d  t o  p r e d i c t  and gene ra t e  t h e  cond i t ions  which w i l l  l e a d  t o  

inc reased  combustion e f f i c i e n c y  i n  t h e  combustion chamber of a 

.- r o c k e t  motor. 

Both a n a l y t i c a l  and exper imenta l  s t u d i e s  have been conducted 

i n  t h e  p a s t  i n  an  e f f o r t  t o  understand and improve t h e  i g n i t i o n  and 

conibustion p rocesses .  T h e o r e t i c a l  e f f o r t s  t o  compute combustion 

rates have been d e f i c i e n t  because  of t h e  use  of i n a c c u r a t e  models 

_ -  

,- 

o r  t h e  a p p l i c a t i o n  of l i m i t i n g  assumptions t h a t  may have been i n c o r r e c t .  

A knowledge of t h e  i n f l u e n c e  of g a s  p r e s s u r e ,  composition and tempera- 

t u r e  on t h e  burn ing  rate of t h e  m e t a l  i s  a necessary  f i r s t  s t e p .  

The combustion of metals,’ as s t u d i e d  by many i n v e s t i g a t o r s  under a 

wide v a r i e t y  of exper imenta l  s i t u a t i o n s ,  has  been descr ibed  alter-  

n a t i v e l y  as occur r ing  on t h e  m e t a l  s u r f a c e ,  i n  t h e  vapor phase o r  as 

a combination of bo th .  

s u r f a c e  of condensed products  i n  t h e  f lame zone w a s  a l s o  taken  i n t o  

account .  These d i s t i n c t i v e  f e a t u r e s  in t roduce  a d d i t i o n a l  compl ica t ions  

A heterogeneous r e a c t i o n  occur r ing  on t h e  

i n t o  t h e  a l r e a d y  involved f i e l d  of combustion i n  general: These 

a s p e c t s  of metal combustion, d i f f e r e n t  from t h o s e  of hydrocarbons,  

t o g e t h e r  w i t h  t h e  r e l a t i v e l y  small r e s e a r c h  e f f o r t  a re  t h e  reason  f o r  

, 



. . .  

-5- 

t h i s  comparative l a c k  of unders tanding  i n  s p i t e  of our  r a p i d l y  

i n c r e a s i n g  i n t e r e s t .  

Although t h e  major p o r t i o n  of t h e  exper imenta l  work on metal  

conibustion h a s  been accomplished by t h o s e  working wi th  powdered mater ia l ,  

i n j e c t e d  i n t o  gas  bu rne r s ,  more r e c e n t  work a t  P r ince ton  w i t h  wires 

showed promise oi t h i s  technique  of: provid ing  more fundamental  

i n fo rma t ion  about  metal combustion than  could be obta ined  w i t h  

powders. The advantages of t h e  s tudy  of metal combustion by burning 

w i r e s  i s  provided i n  p a r t  by t h e  s t a b i l i z a t i o n  of t h e  r e a c t i o n  i n  

t i m e  and space.  Other  advantages of working w i t h  wires are t h e  

convenient  way t o  c o l l e c t  t h e  s o l i d  combustion products  from t h e  

bottom of t h e  combustion chamber and t h e  easy way t o  o p e r a t e  i n  

de f ined  atmospheres.  I n  f a c t ,  n e a r l y  a l l  experiments  c a r r i e d  ou t  

a t  h i g h e r  p r e s s u r e s  were conducted us ing  wires. Usual ly ,  exper imenta l  

r e s u l t s  are  s t r o n g l y  a f f e c t e d  by t h e  exper imenta l  cond i t ions  and 

techniques .  

u s e  r e s i s t a n c e  h e a t i n g  t o  b r i n g  t h e  wire t o  i g n i t i o n  temperature .  

p r e i g n i t i o n  pe r iod  may have a pronounced e f f e c t  on t h e  th i ckness  of 

t h e  ox ide  c o a t  cover ing  t h e  metal and on t h e  subsequent  combustion. 

Nearly a l l  of t h e  i n v e s t i g a t o r s  i n  wire combustion 

This  

Hence, some of t h e  exper imenta l  t echniques  employed may be  q u i t e  

inadequate  f o r  g a i n i n g  new informat ion  about  t h e  fundamental phenomena 

involved.  

It  i s  f e l t  t h a t  thk  exper imenta l  technique 'developed i n  t h e  

Mechanical Engineer ing Department a t  V i r g i n i a  Po ly techn ic  I n s t i t u t e ,  

Blacksburg, V i r g i n i a  i n  r e c e n t  y e a r s  provides  an  e x c e l l e n t  t o o l  

~ f o r  i n v e s t i g a t i o n  of t h e  f a c t o r s  i n f luenc ing  metal combustion. 

Longi tudina l  burning i s  induced by i g n i t i n g  t h e  wire l o c a l l y  on one 
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end a f lame zone p rogres ses  c i g a r e t t e - f a s h i o n  from one end of 

t h e  wire towards t h e  o t h e r .  

T h i s  work was c a r r i e d  o u t  i n  an  a t tempt  t o  i n c r e a s e  t h e  

understanding of b a s i c  metal combustion processes .  The progagat ion 

ra tes  of t h e  burning zone were measured a t  v a r i o u s  p r e s s u r e s  i n  

pure  oxygen and oxygen-water vapor atmospheres. The experimental  

c o n d i t i o n s  were q u i t e  d i f f e r e n t  from those  occurr ing  i n  t h e  

p a r t i c a l  experiments ,  u s u a l l y  carried ou t  wi th  t o r c h  burners .  

It is  hoped t h a t  a comparison of obse rva t ions  made under b a s i c a l l y  

d i f f e r e n t  cond i t ions  might h e l p  s e p a r a t e  t h e  e f f e c t s  of '  t h e  

environment from t h e  phenomena of metal  combustion. 

. .  
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11, Experimental  

I n  Phase I of t h i s  i n v e s t i g a t i o n  (See Report  86,  Semi-Annual 

Report ,  NASA Grant NGR 47 004-006, P r o j e c t  31669) Hans Sebald under 

P ro fes so r  Long's s u p e r v i s i o n  used W i l l i a m  P r o c t o r ' s  2 appa ra tus  and 

determined t h e  burning ra tes  f o r  aluminum and magnesium wires i n  

d ry  oxygen i n i t i a l l y  a t  room temperature  and a t  v a r i o u s  p r e s s u r e s  

up t o  38 atmospheres.  Sebald a l s o  determined t h e  e f f e c t  of mo i s tu re  

on t h e  burning r a t e  a t  two p r e s s u r e s ,  23.7 and 3 9 . 7  p s i a .  For 
_ -  

t h e  in s t rumen ta t ion  r e f e r  t o  Sebald ' s  t h e s i s  and Grant Report  #6. 

His r e s u l t s  are shown on curves  i n  F igure  1 and 3 up t o  p r e s s u r e s  

of twenty (20) atmospheres.  Sebald a l so  found t h a t  t h e r e  w a s  a 

cons ide rab le  d i f f e r e n c e  i n  t h e  burning r a t e  f o r  both t h e  aluminum and 
- 

magnesium w i r e  when i t  t7as burned i n  hea ted  d ry  oxygen z t  t h e s e  

a t w o  p r e s s u r e s  when compared wi th  t h e  rates ob ta ined  from burn ing  

- t h e  metals i n  co ld  d ry  oxygen. F igu res  1, 2 ,  3, and 4 ,  r e s u l t i n g  

from work of Phase I and Phase 11, g r a p h i c a l l y  p o r t r a y  t h e  d i f f e r e n c e s  

f o r  burn ing  bo th  aluminum and magnesium i n  co ld  oxygen, h o t  oxygen 

and moi s tu re  laden  oxygen. 

In Phase I1 t h e  f irst  t a s k  undertaken was t h a t  of dev i s ing  a 

means of ob ta in ing  p i c t u r e s  of t h e  burning p rocess  under v a r i o u s  

cond i t ions .  

s h a r p l y  a s ' t h e  p r e s s u r e  is  r a i s e d  above one atmosphere t o  t h r e e  

F igu res  1 and 3 i n d i c a t e  t h a t  t h e  burning ra te  i n c r e a s e  

atmospheres.  Then t h e  r a t e  drops and rises a g a i n  as t h e  p r e s s u r e  

i n c r e a s e s  from t h r e e  t o  te-n atmospheres,  A f t e r  about  f o u r t e e n  

atmospheres,  t h e  burning ra te  dec reases  t o  i t s  approximate 

- -  

o r i g i n a l  va lue  a t  twenty atmospheres.  Then t h e  burning ra te  starts 

,- 
I .  
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t o  c l imb aga in .  It  was hoped t h e  p i c t u r e s  would show some p h y s i c a l  

. d i f f e r e n c e  i n  t h e  combustion a t  v a r i o u s  p r e s s u r e s  and environments.  

P i c t u r e s , w e r e  taken  a t  speeds up t o  64 frames p e r  second i n  b l ack  

and w h i t e  and i n  c o l o r .  A s i l e n t  co lo red  motion p i c t u r e  reel  which 

accompanies t h i s  r e p o r t  shows t h e  burn ing  of  bo th  aluminum and 

magnesium a t  v a r i o u s  c o n d i t i o n s  desc r ibed  t h e r e i n .  D i f f e r e n t  

f i l t e r s  were used t o  show o f f  bo th  t h e  smoke i n  one case and t h e  

f lame dimensions i n  ano the r .  

A s  prev ious ly  mentioned i n  Phase I Sebald evacuated t h e  hea ted  

chamber, added oxygen u n t i l  t h e  p r e s s u r e  w a s  a tmospheric  and then  admi t ted  

steam u n t i l  t h e  p r e s s u r e  had inc reased  t h e  equ iva len t  of t h e  vapor 

p r e s s u r e  d e s i r e d .  F i n a l l y ,  t h e  oxygen was a g a i n  added u n t i l  t h e  
. 

chamber was f i l l e d  t o  t h e  t o t 2 1  p r e s s u r e  f o r  a g iven  i n v e s t i g a t i o n .  

When t h i s  procedure was fol lowed i n  Phase I1 i t  was found t h a t  mo i s tu re  

condensed on t h e  windows and t h e  t r u e  q u a n t i t y  of moi s tu re  p r e s e n t  

w a s  ques t ionab le .  It was a l s o  found t h a t  t h e  wire would no t  r e l i a b l y  

burn under t h e s e  cond i t ions .  A new method of adding moi s tu re  was devised .  

_ _  

I n v e s t i g a t i o n  procedure f o r  Phase I1 s t a r t i n g  w i t h  a c l e a n  

combustion chamber which had been vacuumed ~ 7 i t h  a c l e a n e r  t o  remove 

p a r t i c u l a t e  from t h e  bottom of  t h e  chamber, 

t o  t h e  p o s t  f u s e  h o l d e r .  

a new f u s e  w a s  f a s t e n e d  

(See Report  { I S ) .  The wire ~7as f a s t e n e d  

i n t o .  t h e  ho lde r  a t  t h e  top  of t h e  chamber and t h e  zssembly lowered 

i n t o  t h e  chamber and secured .  The chamber w a s  evacuated and t h e  

p r e s s u r e  determined from t h e  c a l i b r a t e d  p r e s s u r e  t r ansduce r  and 

E l l i s  Bridge. 

/ 

It was found t h a t  t h e  p r e s s u r e  pickup had t o  be  
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1 f a s t e n e d  t o  t h e  s i d e  of t h e  chamber a s  c l o s e  t o  t h e  o r i f i c e  as 

p o s s i b l e .  A l l  p a r t s  had t o  be  hea ted  and i n s u l a t e d  t o  prevent  

moi s tu re  condensat ion which produced erroneous s i g n a l s .  

The steam and e l e c t r i c  h e a t i n g  f o r  t h e  top  and bottom of t h e  

chamber had p rev ious ly  been a c t i v a t e d .  No tests were run  u n t i l  

t h e  proper  w a l l  t empera ture ,  approximately 20 F above t h e  vapor 

s a t u r a t i o n  tempera ture ,  had been reached.  
.. 

The proper  q u a n t i t y  of d i s t i l l e d  water was then  added 2nd t h e  

vapor  p r e s s u r e  read  when a l l  t h e  water w a s  evaporated:  

a t  t h e  chamber e n t r a n c e  w a s  then  c losed  and oxygen was added through 

The v a l v e  

hea ted  l i n e s  s lowly  t o  b r i n g  t h e  p r e s s u r e  t o  t h e  f i n a l  d e s i r e d  

va lue .  

a l l  times t o  prevent  vapor from escaping.  

The oxygen p r e s s u r e  was kep t  above t h e  chamber p r e s s u r e  a t  

The tempera ture  r ead ings  f o r  t h e  combustor wall ,  t op  and 

bottom were recorded .  The i n i t i a l  t u r b i d i t y  r ead ing  was made us ing  

t h e  s i g n a l  on t h e  b rush  r eco rde r  c h a r t  from t h e  photo c e l l  p laced  

a t  one window. The s i g n a l  came from a l i g h t  bu lb  used as  a l i g h t  

sou rce  a t  t h e  o p p o s i t e  window. The s t a r t  p o s i t i o n  f o r  t h e  i n v e s t i g a t i o n  

w a s  marked on t h e  r e c o r d e r  paper .  The twenty f i v e  (25) minute  warm-up 

pe r iod  fol lowed . 
- During t h i s  pe r iod  t h e  swi tches  on t h e  r e s i s t o r  bank i n  t h e  

i g n i t i o n  f u s e  c i r c u L t  were set  and t h e  r e c t i f i e r  supplying i g n i t i o n  

power ~7as s t a r t e d .  

l e a k  i n d i c a t i o n  t ~ h i c h  would vo id  t h e  tes t .  The camera was set  i n t o  ’ 

p o s i t i o n  and t h e  t u r b i d i t y  l i g h t  w a s  tu rned  o f f .  

The p r e s s u r e  t r ansduce r  r ead ing  was observed f o r  

The i g n i t i o n  swi t ch ,  t h e  moving p i c t u r e  camera and t h e  r e c o r d e r  

f -.  
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L x 2 .54  
. 12 .5  A = .  , I  

I 

-_  
were s t a r t e d  s imul taneous ly .  The i g n i t i o n  swi t ch  was opened when 

i n d i c a t i o n  appeared on t h e  r e c o r d e r  c h a r t  t h a t  t h e  wire burning 

had passed t h e  upper p h o t o c e l l .  The f i n a l  t u r b i d i t y  r ead ing  was 

taken  i~mediate1.y a f t e r  t h e  w i r e  was burned. 

The p r e s s u r e  was then  r e l d a s e d ,  t h e  t o p  w a s  removed and t h e  

r e s i d u e  from t h e  f u s e  and w i r e  were c o l l e c t e d .  The vacuum sample 

paper  w a s  t hen  a t t a c h e d  t o  t h e  vacuum c l e a n e r  and t h e  combustion 

chamber w a s  c leaned o u t .  

yel low spheres ,  powder o r  f i l i n g s  were f i l e d  f o r  f u r t h e r  s tudy .  

The sample paper w i t h  i t s  w h i t e  o r  

A s  s t a t e d  i n  t h e  1967 Report #G t h e  average  burning rate w a s  

found by d i v i d i n g  t h e  d i s t a n c e  between t h e  c e n t e r  l i n e  of t h e  two 

p h o t o c e l l  obse rva t ion  slits, i n  cen t ime te r s ,  by t h e  d i s t a n c e  between 

t h e  peaks on t h e  r eco rde r  c h a r t  d iv ided  by t h e  payer speed. 

_- 

The paper  speed was 12 .5  cm/sec. 

I n  o r d e r  t o  a r r ive  a t  a va lue  f o r  t h e  i g n i t i o n  t i m e ,  , t h e  t j - m e  

l a p s e  between t h e  ene rg iz ing  of t h e  f u s e  and maximum l i g h t  s i g n a l  

at t h e  lower window w a s  measured. The l e n g t h  of w i r e  from window 

c 

t o  f u s e ,  L,  was also measured. 

For aluminuni, t h e  i g n i t i o n  t i m e ,  i n  seconds,  was found by t h e  

equat ion  given 

Wire 

below 
Chart  1 L 

BR 
2 

I g n i t i o n  T ime  = (A - 

_- --- 
I where A = t o t a l  t i m e  from swi t ch  c l o s i n g  t o  

I J  12 .5  = paper  speed, cm/sec 

yj - . of p h o t o c e l l  w i ~ d o w ,  c m  

BR = average  wire burn ing  ra te  

L = d i s t a n c e  froin f u s e  t o  c e n t e r  
/ 

BR 
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For t h e  magnesium, t h e  burn ing  r a t e  w a s  n o t  d iv ided  by two 

s i n c e  i t  was f e l t  magnesium reaches  average  v e l o c i t y  almost 

i n s t aneous ly .  

F igu res  5 and 6 show t h e  v a r i a t i o n  of i g n i t i o n  t i m e  w i th  p re s su re  

for hot  d ry  wire burn ing  and f o r  some condi t ions .where  moi s tu re  1 . ~ 2 ~  

p r e s e n t .  
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111. Discuss ion  of R e s u l t s  

The f irst  s e c t i o n  of t h e  d i scuss ion  w i l l  d e a l  w i t h  t h e  ho t  d ry  

oxygen i n v e s t i g a t i o n  and t h e  runs  where approximately 2.5% mois tu re  

was  added t o  determine t h e  e f f e c t  of mois ture ,  h e a t  and p res su re  on 

t h e  burn ing  ra te  of aluminum and magnesium wires.: The e f f e c t  of 

v a r i a t i o n  of moi s tu re  on t h e  burning ra te  a t  t h r e e  s p e c i f i c  

p r e s s u r e s  6 ,  10  and 1 4  afmospheres,  w i l l  then b e  d iscussed .  

Other  parameters  which were measured and t h e i r  e f f e c t  on t h e  burn ing  
- 

' ra te  of  t h e  two types  of wire w i l l  then be  d i scussed .  These parameters  

are (1) smoke d e n s i t y  as evidenced by t h e  motioli p i c t u r e s  v i s u a l l y  

and measured b e f o r e  and a f t e r  t h e  tests by a p h o t o c e l l  and c a l l e d  

t u r b i d i t y ,  (2) t h e  i g n i t i o n  l a g  time c a l c u l a t e d  from t h e  c h a r t s  used 

- -  t o  measure t h e  burn ing  r a t e s - a n d  (3) t h e  co lo r  p i c t u r e s  of t h e  r e s i d u e  

c o l l e c t e d  a f t e r  each  test .  

A.  Burning Ra tes  of Aluminum i n  Hot Dry Oxygee 
- 

Figure  1 i n d i c a t e s  t h a t  t h e  h e a t i n g  of t h e  dry oxygen i n  t h e  

combustor w i t h  t h e  walls a t  280 k f o r  35 minutes  b e f o r e  determining 

t h e  burn ing  r a t e  caused t h e  rate t o  i n c r e a s e  from 11 cm/sec t o  

15 cm/sec a t  one atmosphere.  

atniospheres b u t  i nc reased  t o  1 8 . 3  cm/sec a t  1 4  atmospheres.  

The ra te  decreased t o  15 cm/sec a t  two 

Then,'  

a p p a r e n t l y ,  t h e  e f f e c t  of t h i s  parameter  became n i l  as t h e  burning 

rate approached 20 a t r k p h e r e s .  

 investigator^'^) t h e  burning ' r a t e  between f i f t e e n  and twenty 

atmospheres dec reases  t o  t h e  v a l u e  of t h e  ra te  a t  one atmosphere 

As seen  by Sebald and previous  

when burned i n  co ld  oxygen, 11 cm/sec. 

B .  -- Xurn5.nLRate.s ~ of Alumi.nurn -I__ i n  Hot Oxygen -- W w p r o x i m a t e l y  2.5% 
Mois ture  P resen t  

. The addip t ion  of 2.5% mois tu re  increased  t h e  burning r a t e  t o  16 .5  
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.. 

cm/sec a t  6 atmospheres ,  1.4% g r e a t e r  t han  when i t  was burned i n  

co ld  oxygen and 6% g r e a t e r  t han  when i t  w a s  burned i n  ho t  oxygen. 

A t  seven atmospheres t h e  e f f e c t  of mo i s tu re  was n i l .  Above 

t h i s  p o i n t  mo i s tu re  a c t u a l l y  decreased t h e  ra te  obta ined  wi th  ho t  

oxygen. 

even i n  co ld  oxygen o r  i t  a t  l ea s t  canceled t h e  e f f e c t  of h e a t i n g  

t h e  oxygen prior- t o  burning.  

Above 1 2  atmospheres moi s tu re  decreased t h e  r a t e  of burning 

C. Burning Rate  _-______. of Aluminum Wire a t  6 ,  1 0  and 14 Atmospheres 
As. Mois ture  i s  Varied -.- 

A t  s i x  atmospheres p r e s s u r e  and between ze ro  and 0.5% mois ture ,  

t h e  burn ing  r a t e  of t h e  aluminum inc reased  .- from 15 .5  cm/sec i n  hot  dry  

oxygen t o  16 .0  cm/sec (F igure  2 ) .  The ra te  cont inued t o  i n c r e a s e  

16 .5  cm/sec a t  2.0% mois ture .  In t h e  presence  of 3.5% moristure t h e  

rate dropped t o  t h e  h o t  dry  v a l u e  and cont inued t o  drop t o  approximately 

1 4  

t o  

' A t  

cm/sec a t  seven p e r  c e n t  mo i s tu re  beyond which it w a s  d i r f i c u l t  

o b t a i n  i g n i t i o n .  - 
- 

A t  t e n  atmospheres p r e s s u r e  t h e  dry  burn ing  r a t e  was 1 7  cm/sec. 

0.5% mois tu re  t h e  r a t e  had inc reased  t o  1 7 . 8  cm/sec. A t  1% 

mois tu re  i t  w a s  back t o  t h e  d ry  v a l u e  and beyond t h i s  i t  cont inued 

t o - d e c r e a s e  t o  13.8 cn/sec a t  5% mois tu re .  I n  t h e  presence  of more 

moi s tu re  i t  was hard  t o  i g n i t e  t h e  w i r e  a t  t h i s  p re s su re .  

A t  f o u r t e e n  atmospheres t h e  burning r a t e  increased  r a p i d l y  wi th  

a t race (0.4%) of moi s tu re  t o  19.5 cm/sec from 18 cm.sec - in  t h e  ho t  

d ry  oxygen. A t  1% mois tu re  t h e  ra te  was reduced t o  t h e  h o t  dry  

v a l u e  and a t  2.5% mois ture .  t h e  wire ~7as d i f f i c u l t  t o  i g n i t e  and 

only burned at 1 4 . 5  cm/sec when i t  d i d  i g n i t e .  

Therefore ,  i.t i s  apparent  t h e r e  i s  a p res su re ,  h e a t  and moisture  

e f f e c t  on t h e  burn ing  rate of aluminum wire i n  t h i s  range.  
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The p r e s s u r e  e f f e c t  on t h e  burn ing  r a t e  was a 41% i n c r e a s e  from 

one t o  f o u r t e e n  atmospheres and then  a r a p i d  van i sh ing  of t h i s  e f f e c t  

as the p r e s s u r e  approached 20 atmospheres.  
. .  

The h e a t i n g  e f f e c t  caused a n  i n c r e a s e  of 1 7 %  i n  t h e  burn ing  
. .  

rate even beyond t h e  f o u r t e e n  atmosphere p o i n t  and 6 i d  n o t  d i sappea r  

completely a t  20 atmospheres.  

The moi s tu re  e f fec t . . appears  t o  va ry  w i t h  p r e s s u r e .  A t  s i x  

atmospheres moi s tu re  inc reased  the rate 8.7% w i t h  2% mois tu re  p r e s e n t .  

A t  t e n  atmospheres t h e  vapor inc reased  t h e  burn ing  r a t e  4.3% i n  t h e  

p re sence  of 0.5% mois tu re .  A t  f o u r t e e n  atmospheres a 0.4% trace 

of moi s tu re  inc reased  t h e  ra te  13%. _ -  

D. Burning 'Rate of Magnesium e-- In-Hot  Dry -.- Oxygen __ 

Heating t h e  oxygen i n i t i a l l y  t o  280 F dec reases  t h e  burn ing  ra te  

of magnesium over  t h a t  i n  co ld  oxygen a t  two atmospheres from 

s i x  t o  f o u r  and n i n e  t e n t h s  cm/sec. 

i nc reased  from 7 . 8  i n  co ld  oxygen t o . 8 . 6  cm/sec. i n  h o t  oxygen. 

From th i s  p o i n t  on t h e  h e a t  i n c r e a s e s  t h e  burn ing  r a t e  25% up t o  

A t  f o u r  atmospheres t h e  rate 
.- 

14 atmdspheres and as-much as 50% a t  18 atmospheres.  The sudden 

dec rease  i n  burn ing  r a t e  exper ienced  w i t h  aluminum i s  n o t  p r e s e n t  

w i t h  magnesium (F igure  3 ) .  

E .  E f f e c t  of t h e  2 t o  3% Mois ture  o n ,  t h e  Burning Kate of Magnesium Wire 

The moi s tu re  does n o t  s t i m u l a t e  t h e  combustion of  magnesium wire 

as i t  does aluminum even a t  low p r e s s u r e s .  ' . A s  shown i n  F i g u r e  4 i t  

approximately c a n c e l s  t h e  e f f e c t  of h e a t i n g  t h e  oxygen i n i t i a l l y ,  
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F.  E f f e c t  of VQrious Percentages  of Plois ture  on t h e  Combustion of 
- Magnesiuin Wire - 

- ,-- 

Even a t  low percentages  of moi s tu re  the burn ing  rates of 

magnesium wires are decreased as moi s tu re  i s  added. The magnesium 

~7as n o t  d i f f i c u l t  t o  i g n i t e  under any c o n d i t i o n  of p r e s s u r e  and 

moi s tu re  except  a t  atmospheric  p r e s s u r e  i n  t h e  presence  of water vapor .  

G. I n f l u e n c e  of P r e s s u r e  and Pfoisture on I g n i t i o n  Lag 

Before  beginning t h i s  d i s c u s s i o n  r e f e r e n c e  is  made t o  t h e  method 

by which t h e  so-ca l led  i g n i t i o n  l a g  was determined and t h e  f a c t  t h a t  

the magnesium a b s o l u t e  v a l u e s  are twice t h e  aluminum va lues .  

(a) Aluminum Wires (Figure  5) 

It took less t i m e  t o  i g n i t e  t h e  w i r e  i n  100% h o t  dry  oxygen 
- 

as t h e  p r e s s u r e  inc reased  from one t o  f o u r  atmospheres.  The l a g  

dropped from 2 seconds t o  0 .5  seconds.  Then, as  t h e  p r e s s u r e  was 

inc reased  t o  1 2  atmospheres t h e  l a g  inc reased  aga in  up t o  1 .75  

seconds,  Again, t h e  l a g  f e l l  sha rp ly  t o  0.6 seconds a t  f i f t e e n  

a thospheres  and a t  twenty atmospheres r o s e  a g a i n  t o  one second. 

A s  t h e  moi s tu re  was inc reased  t h i s  l a g  g e n e r a l l y  decreased about  

33% i n  t h e  14-20 r ange  of atmospheres.  I n  t h e  8-14 range  of p r e s s u r e  

the moi s tu re  had a g r e a t e r  e f f e c t .  It appeared t o  reduce  t h e  l a g  
t 

approximately 58%: 

BelOT-7 s i x  -atmospheres i t  is  p o s s i b l e  t h a t  mo i s tu re  may i n c r e a s e  

i g n i t i o n  l a g  of aluminum wire. Above 14 atmospheres t h e  e € f e c t  of 

moi s tu re  i s  n o t  s i g n i f i c a n t .  

(b) Magnesium Ts7ires (F igure  6) 

The ignit- . ion l a g  of magnesium wire decreased  from 2 seconds a t  

1 atmosphere t o  approximately 0.75 secorid a t  1 4  atmospheres.  This  



-16- 

w a s  an e ighty-e ight  pe r  cen t  dec rease .  

When t ~ i e  mois ture  i n  t h e  environment was increasecl as much as 

2%, t h e  i g n i t i o n  l a g  inc reased  as much a t  47% a t  1 4  atmospheres.  

One i n t e r e s t i n g  phenomena observed was on t h e  4% mois tu re  curve 

which i n d i c a t e d  t h a t  i g n i t i o n  l a g  inc reased  w i t h  i n c r e a s e  i n  p r e s s u r e  

and i t  even exceeded t h e  l a g  f o r  wire i g n i t e d  i n  hot  d ry  oxygen 

a t  14 atmospheres by 60%. 

When t h e  wire w a s  l e f t  t o  temper i n  h o t ,  w e t  oxygen f o r  a 

f i f  t y - f i v e  minute pe r iod  i n s t e a d  of twenty--f ive  minute pe r iod ,  t h e  

i g n i t i o n  l a g  was reduced 60%. 

H. E f f e c t  of P res su re  and Moisture  on T u r b i d i t y  (Smoke Formation) 
Resu l t ing  from Aluminuin __- Wire Burning - -  i n  O x y e  - 

One i n t e r e s t i n g  obse rva t ion  made wh i l e  determining t h e  burning 

r a t e  w a s  t h e  v a r i a t i o n  i n  t h e  smoke d e n s i t y  i n  t h e  Combustion chamber 

immediately be fo re  and a f t e r  a tes t  was. performed. F igu re  7 and 8 

i n d i c a t e  t h e  t r ends  f o r  t h e  s tudy  made. 
_c 

The gene ra l  s ta tement  could be  made. t h a t  t h e  t u r b i d i t y  reduces 
. .  

wi th  p res su re ,  a t  l e a s t  up to 1 4  atmospheres,  t h a t  mois ture  h a s  

t h e  tendency t o  reduce smoke d e n s i t y  and i t  appeai-s t h e r e  i s  a 

g iven  percentage  moi s tu re  which reduces smoke formation.  T h i s  

might be  of s i g n i f i c a n c e  w i t h  a i r  p o l l u t i o n  combustion problems. 

I. E f f e c t  of Moisture  on t h e  ResTdue --- From Aluminum Wire Burning-% 
Pres su res  up t o  20 Atmospheres 

(a) Aluminum 

There does no t  seem t o  b e  any r a d i c a l  d i f f e r e n c e  i n  t h e  samples 

of r e s i d u e  c o l l e c t e d  from t h e  bottom and t h e  walls of t h e  combustion 
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chamber a f t e r  each tes t  over  t h e  p r e s s u r e  range  s t u d i e d .  The 

t y p i c a l  samples desc r ibed  by many a u t h o r s  who have r epor t ed  on 

burn ing  aluminum drops  were seen  over  t h e  range  i n v e s t i g a t e d .  The 

small  hollow sphe res  ranged i n  c o l o r  from whi t e  t o  tan t o  .ye l low.  

Small ,  medium and l a r g e ' c l i n k e r s  o r  hunks, exploded, dropped, o r  

s p a t t e r e d  p a r e n t  metal, o r  p i e c e s  of p a r t i a l l y '  ox id ized  metal were 

c o l l e c t e d .  

It might p o s s i b l y  be  s a i d  t h a t  t h e  sphe res  were smaller and 

had a ye l low i n s t e a d  of a white t i n t  when t h e  w i r e  was burned i n  

d ry  h o t  oxygen w h i l e  sphe res  from t h e  w i r e  burned moi s tu re  were 

whi t e .  Spheres  were l a r g e r  a t  h ighe r  p r e s s u r e  and as t h e  moi s tu re  

inc reased .  Th i s  could  be  because  t h e  h o t  dry  p a r t i c l e s  have a 

g r e a t e r  a f f i n i t y  f o r  t h e  i r o n  i n  t h e  bottom o r  s i d e s  of t h e  chamber 

as t hey  f a l l .  There could a l s o  b e  some i r o n  i n  t h e  i m p u r i t i e s  

of t h e  wire, A b c t t e r ' p o s s i b i l i t y  i s  that  A10 o r  A1 was p r e s e n t  

when condensa t ion  occurred .  A10 formed dur ing  combustion would 

appear  yel low on condensa t ion  and A 1  vapor condensing on t h e  A1203 

would r e s u l t  i n  a yel low ox ide  coa t ing .  

(b) Magnesium 

The r e s i d u e  f o r  magnesium appeared t o  b e  sphe res  which had 

adhered t o  one ano the r  o r  even bubbles  which had e longated  and s o l i d i f i e d .  

Also,' i t  appeared new bubbles  were being formed on t h e  s i d e  of t h e  

sphe res  when they had suddenly s o l i d i f i e d .  

A l a r g e  q u a n t i t y  of 0-xidized metal fragments  was found. The 

moving & p i c t u r e s  t aken  of t h e  burn ing  i n d i c a t e d  t h a t  f ragmenta t ion  was 

occur r ing .  
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a t  h 

It appeared a l s o  t h a t  t h e  l a r g e ?  

gher  p r e s s u r e s  as  was t h e ' c a s e  w 

spheres  were predominant 

t h  aluminum. 

J .  Observat ions from t h e  moving p i c t u r e s  taken  of t h e  i n v e s t i g a t i o n  
. .  

When viewing t h e  moving p ic ture . ,  t h e  motion of  t h e  f lame up 

and around t h e  w i r e  i s  more appa ren t .  The p rocess  causes  t h e  Wire 

t o  v i b r a t e  i r r e g u l a r l y .  P o s s i b l y  n o i s e  o r  a c c o u s t i c a l  i n s t a b i l i t y  

could b e  s t u d i e d  f u r t h e r  by ex tending  t h e s e  obse rva t ions .  

With a yel low f i l t e r ,  t h e  smoke behavior  and q u a n t i t y  can 

e a s i l y  be observed. With a b l u e  f i l t e r  t h e  f l i c k e r i n g  flame zone 

can b e  watched as i t  moves about  t h e  wire.. It i s  hoped more funds 

w i l l  be  made a v a i l a b l e  f o r  such a s tudy  of t h i s  o s c i l l a t i n g  flame. 

The i g n i t i o n  of an aluminum-wire was s t u d i e d  a t  f o u r t e e n  

atmospheres w i t h  3% mois tu re  p r e s e n t  a f t e r  t h e  f u s e  was moved up 

i n t o  view i n  t h e  range  of t h e  window. Studying t h e  f i l m  reco rd  of 

such an event  one sees f i r s t ,  t h e  f u s e  become w h i t e  h o t ,  smoke and 

l i g h t  i n c r e a s e  as t h e  aluminun i n n e r  f u s e  i s  melted and vapor - 

formed and i g n i t e d .  F i n a l l y ,  t h e  b a l l  of f i r e  around t h e  w i r e  

i s  seen  as i t  a t t a i n s  i t s  s e p a r a t e  i d e n t i t y  moving up t h e  wire.. 

The h i s t o r y  of t h e  burning of t h e  pool  of molten aluminum l e f t  

from t h e  f u s e  i s  a l s o  observed.  Clouds of smoke from er ra t ic  

burn ing  are seen  a t  i n t e r v a l s  dur ing  t h e  r e a c t i o n .  
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. _  
r !  

I V .  Summary 

It w a s  found t h a t  h e a t i n g  t h e  environment had niore e f f e c t  on 

t h e  burn ing  r a t e  than  d id  i n c r e a s i n g  t h e  moi s tu re  i n  t h e  environment 

up t o  twenty atmospheres.  

ra te  of aluminum wire i n  t h e  4 t o  15 atmosphere range.  It had 

Mois ture  had an e f f e c t  on t h e  burn ing  
. -  

l i t t l e  o r  even adve r se  e f f e c t  on magnesium burning.  It is hoped 

t h i s  i n v e s t i g a t i o n  can be cont inued t o  s tudy  t h e  burning a t  h ighe r  

p r e s s u r e s  i n  t h e  presence  of moi s tu re  and oxygen a t  atmospheres 

up t o  150 i n  v a l u e  t o  see i f  t h e  moi s tu re  e f f e c t  r eappea r s  when 

t h e  burn ing  rate i n c r e a s e s  a g a i n  above 20 atmosphere.  

-- 
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THE TRANSIENT RESPONSE OF A MONOTUBE BOILER 

Object 

This monotube b o i l e r  w i l l  be used i n  an experimental program on the  

t r a n s i e n t  response of t h i s  type steam source. The u l t imate  goal of t h e  

t o t a l  p r o j e c t  w i l l  be t h e  development of a con t ro l  algorithm f o r  such a 

t y p i c a l  device with t h e  u l t imate  f ab r i ca t ion  and evaluation of a s u i t a b l e  

fas t  response con t ro l  system. Such a steam generating u n i t  i s  a p o t e n t i a l  

power source (perhaps with another working medium and energy source) f o r  a 

f a s t  response prime mover f o r  highly t r a n s i e n t  l o c a l  demands i n  some space 

appl ica t ions .  

Al te rna t ive ly ,  t h e  thorough understanding of and construction of a 

p rec i se ,  f a s t  response con t ro l  system is  necessary i f  such a steam source 

is t o  be se r ious ly  considered f o r  use as an automotive prime mover where highly 

va r i ab le  loading usua l ly  r e s u l t s  i n  poor combustion e f f i c i e n c i e s  with t h e  

steam generating u n i t  los ing  many of i t s  low po l lu t ion  emission character-  

istics. 

The purpose of t h i s  NASA-MDG pro jec t  w a s  t h e  construction of t h e  hea t  

exchanger por t ion  of a s m a l l  automotive-size steam generating un i t .  This 

b o i l e r  cons i s t s  of an o i l - f i r e d  combustion chamger within a c lose ly  wound 

h e l i c a l  c o i l  of s t a i n l e s s  steel tubing. 

through several rows of s p i r a l  tube c o i l s  t o  the  e x i t  f l ue .  Feed w a t e r  

en t e r s  t h e  s p i r a l s  a t  t h e  f l u e  end and passes through a s i n g l e  tube u n t i l  i t  

emerges from the  h e l i c a l  c o i l  as superheated steam. 

Hot gases leaving t h e  chamger pass 

Subs tan t ia l  progress has been made toward t h e  completion of t h i s  b o i l e r .  

The h e l i c a l  por t ion  

The s t a i n l e s s  steel s h e l l .  

S t a in l e s s  tubing has been wound i n t o  t h e  required c o i l s .  

has been welded and successfu l ly  pressure  t e s t ed .  



- 2 -  

has been r o l l e d  and o the r  shee t  p a r t s  are i n  t h e  shop. High temperature 

in su la t ion  has been purchased and construction work is ac t ive ly  underway. 

Information from numerous manufacturers ind ica ted  t h a t  t he  high i n t e n s i t y  

burner and va r i ab le  displacement water pump are not  ava i l ab le  as s tock  i t e m s  

and w i l l  have t o  be fabr ica ted  a t  t h i s  f a c i l i t y .  

Fabrication Deta i l s  

It w a s  intended t h a t  t he  tubing c o i l s  be wound on an e x i s t i n g  j i g  which 

had already been used t o  successfu l ly  c o i l  1 / 4  in .  s teel  pipe of 0.540 i n .  O.D. 

x 0.088 i n .  w a l l .  However, t h e  s m a l l  l a t h e  on which t h i s  j i g  w a s  mounted d id  

not have s u f f i c i e n t  torque t o  bend 0.500 x 0.049 i n  type 321 s t a i n l e s s  tubing. 

Apparently the  smaller moment of i n e r t i a  of t h e  s t a i n l e s s  tubing w a s  more 

than balanced by t h e  l a r g e  increase i n  y i e l d  stress r e s u l t i n g  from the  cold 

work of bending. 

of a s p e c i a l  c o i l  winder. This device cons i s t s  of a c i r c u l a r  steel t a b l e  welded 

t o  a v e r t i c a l  s h a f t  supported by b a l l  bearings. It is  driven by a 100 tooth 

worm gear a t  the  lower end of t h e  s h a f t  which meshes with a s i n g l e  tooth worm 

driven by a 1 hp. motor. The worm is p a r t i a l l y  submerged i n  EP-90 t o  provide 

the  continuous lub r i ca t ion  s o  necessary f o r  t h i s  type of gear. To prevent t he  

This problem w a s  overcome through t h e  design and construction 

tube from swinging around the  winder i t  i s  guided by a V-roller on a v e r t i c a l  

p ipe  a t  the  edge of t he  t ab le .  

This winder w i l l  produce an e n t i r e l y  s a t i s f a c t o r y  h e l i c a l  c o i l  but s p i r a l  

c o i l s  have excessive t ransverse  spacing. This spacing is c r i t i ca l  s ince  i t  

determines the  minimum flow area f o r  these  combustion gases and hence the  

i n t e n s i t y  of hea t  t r a n s f e r .  For a given steam generation rate and b o i l e r  

e f f i c i ency  the  t o t a l  tube length increases  as the  tube spacing increases .  A 

longer tube r e s u l t s  i n  increased s i z e ,  cos t ,  and reac t ion  t i m e ,  a l l  of which 

are undesirable. Mechanical spacers t o  force  the  tubes together w e r e  r e j ec t ed  
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f o r  t h e  hot-end c o i l s  since t h e s e  spacers might overhea t  and f a i l .  This l a r g e  

tube  spac ing  w a s  another  r e s u l t  of the h igh  rate of work hardening f o r  which 

s t a i n l e s s  steel  is deservedly famous. The a c t i o n  taken w a s  t o  annea l  t h e  c o i l s  

i n  an electric furnace  a t  1600F f o r  1 hour. The c o i l s  w e r e  then  re-wound on 

the  j i g  t o  a smaller spacing.  

Welding t h e  c o i l s  presented  another  d i f f i c u l t y .  Tungsten iner t  gas  (TIG) 

arc welding would have been t h e  p r e f e r r e d  method b u t  t h e r e  i s  n o t  enough space 

around t h e  tubes t o  provide  maneuvering room f o r  a TIG welder.  This method of 

welding could be used be fo re  t h e  tub ing  i s  wound b u t  t h e r e  is  no p r a c t i c a l  way 

t o  wind several c o i l s  a t  once. 

p r a c t i c a l  i t  w a s  decided t o  use an ace ty lene  t o r c h  and type  309 welding rod. 

This has  n o t  produced a weld as s t r o n g  as t h e  p a r e n t  tube bu t  t h e  nominal 

stress i s  low (3200 p s i )  and a cold p re s su re  test of 2400 p s i  (stress 9600 p s i )  

Since resistance o r  f r i c t i o n  welding w e r e  n o t  

caused no f a i l u r e .  Large b o i l e r s  are normally sub jec t ed  t o  a h y d r a u l i c  test 

of t w i c e  t h e  working p res su re .  The p resen t  c o i l  b o i l e r  withstood t h r e e  t i m e s  

working p res su re .  

The i n n e r  s h e l l  of t h e  b o i l e r  cas ing  has  been made and o t h e r  s h e e t  m e t a l  

p a r t s  are i n  f a b r i c a t i o n .  The s t a i n l e s s  steel i s  annealed and no problems 

are expected. 

The burner  f o r  t h i s  p r o j e c t  must have a maximum h e a t  release rate of 

3 1 .2  m i l l i o n  B / h r f t  and a turn-down r a t i o  of a t  least 10. It must burn 

f u e l  o i l  since t h a t  is on hand and t h e  a v a i l a b l e  gas  l i n e  i s  too  s m a l l .  No 

manufacturer has  been found who can m e e t  t h e s e  s p e c i f i c a t i o n s  s o  t h e  burner  is  

being made l o c a l l y .  Previous experience i n d i c a t e s  t h a t  a ca rbure to r  type ,  

which is s t a r t e d  on gaso l ine  and then switched t o  o i l  when h o t ,  w i l l  be  satis- 

f ac to ry .  A 1-3/4 in .  SU ca rbure to r  (from a Volvo automobile) h a s  been niodi- 

f i e d  t o  provide  a balanced p res su re  i n  t h e  f l o a t  chamber. An i g n i t e r  from a 
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domestic o i l  burner has been produced. These u n i t s  de l ive r  lOOOOv, t o  ground 

o r  20000v between e lec t rodes  and should be a r e l i a b l e  and continuous i g n i t i o n  

source. An e x i s t i n g  blower has been t e s t e d  and w i l l  de l ive r  310 cfm a t  1 3  i n  

H 0 which is  probably s a t i s f a c t o r y  without two-staging. 2 

The p r o j e c t  i s  being continued with VPISrSU support .  
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"Development of a Research Program on Electrical 

Phenomena in Ceramic Thin Films and Glasses'? 

A critical phase in the development of research on ceramic films and 

glasses was accomplished during the summer under this NASA-Multidisciplinary 

Grant. Two papers were written and some supporting experiments were carried 

out. Following are the references for the publications submitted. 

1. (with R. W. Frankson) "Nearly Temperature Independent Electrical 
Conduction in Manganese Oxide Films", J. Electrochem. SOC., 
submitted for publication. 

2. (with T. J. Gray) "Thermoelectric Properties of Composites Formed 
by Crystallizing As2SeTe2 Glass", J. Am. Ceram. SOC., accepted 

for publication. 

In the first project, on electrical conduction in oxide thin films, 

oxide films of manganese have been discovered which have resistances which 

are independent of temperature. The electrical and structural data suggested 

that the attainment of the zero temperature coefficient of resistivity co- 

incides with the attainment of stoichiomet2i.c MnO. The as-deposited films 

are deficient in oxygen, and heat treated films contain excess oxygen. These 

research results have great relevance in microelectronic circuits which 

experience inadvertent temperature changes, and indicate that the mechanism 

of electrical conduction in MnO thin films is different than that observed 

in other oxide films. 

The publication completed on the thermoelectric properties of semi- 

conducting glasses was based on research completed previously. 

research on semiconducting glasses has focused on the switching effects in 

these glasses. 

Recent 

The establishment of the "on" memory state in these switches 



2 

zcsomplishcd by res i s tance  heating and melting of this filament. 

mcat of  ilhc.. dynamic switching s t a t e ,  i n  which the conductance GE rhe class 

2.misc clxmgcs by a factor oE 1000 during each e l e c t r i c a l  pulsc ,  occcz:, 

r<I1ail tharc i s  i.i small gap i n  the c r y s t a l l i n e  filarrene, also ~i ' ,~ 'sr;2 i n  the 

r;gcrc. 

Est-Ll. .z- 

-. These r e s u i x  are current ly  being prepared f o r  pablication. 

Tiic p r inc ipa l  investigator and the  Metals and Ceramic Engineering De- 

?zrtment are grate'ful for this support .  

" .  .. , "_ .,., , .. ., . . I ~ ...._..I. - " l X  . 
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Systems Simulation of Composition and Temperature 

Dependence of Dynamic Hot Corrosion of Metal Surfaces 

Introduct io2  

To perform t h e  s h u t t l e  mission, a r e l i a b l e  thermal protect ion system 

consis t ing of heat sh ie lds ,  sh ie ld  supports and thermal insu la t ion  t o  pro tec t  

the  primary s t r u c t u r e  must be developed. It i s  general ly  recognized thac 

more research and development i s  necessary t o  e s t a b l i s h  r e l i a b i l i t y  of f l i g h t  

weight meta l l ic  hea t  sh ie lds .  The goal of t h e  NASA development technology 

e f f o r t  i s  t o  have a heat sh ie ld  which w i l l  survive the  complex environment 

f o r  100 f l i g h t s .  Survival of a heat sh ie ld  means t h a t  i t s  rate of  oxidation 

i s  slow enough t h a t  it w i l l  s t i l l  have s u f f i c i e n t  s t rength t o  car ry  the  ap 

pressure load encountered during f l i g h t  even a f t s r  100 missions. 
- _ _  - - 

Depending on the  vehic le  configuration and reentry t ra jec tory ,  it has 

been estimated t h a t  t i tanium a l loys  and nickel  - or  cobal t  base super a l loys  

may be used for  65 t o  90 percent of the  o r b i t e r  surface.  These a l loys  form 

protect ive oxides on the surface which subsequently g r e a t l y  reduce t h e i r  r a t e s  

of oxidation. The oxides slow down the  r a t e  of oxidation by providing a pro- 

t e c t i v e  b a r r i e r  between t h e  metal and t h e  oxidizing environment. Thus, t o  

select the b e s t  a l l o y  f o r  a p a r t i c u l a r  environment, the physical propert ies  

of t h e  oxides formed on each a l l o y  being considered must be known. 

i n  the l i t e r a t u r e  a r e  several invest igat ions which have been conducted t o  

determine t h e  oxidation behavior of many d i f f e r e n t  metals and a l loys  i n  a . 

v a r i e t y  of environments. These invest igat ions,  however, have been primarily 

concerned with t h e  dstermination of the  oxidation mechanism and t h e  p a r t i c u l a r  

Documented 
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rate l a w  describing the rate a t  which the  specimen oxidizes.  There i s  a need 

t o  re-examine the data generated by t h i s  research with spec ia l  consideration 

being given t o  t h e  propert ies  which make an oxide layer protect ive.  

Trogres  s 

-9t i s  generally considered t h a t  oxidation res i s tance  i s  the  main fac tor  

cont ro l l ing  t h e  r e l i a b i l i t y  of hea t  sh ie lds  for  the  thermal protect ion system 

of space shu t t l e .  The object ive of t h i s  study w a s  t o  inves t iga te  those 

._- aspects __-__ of - - the  - oxida.t&oo_n_p_r_oce-ss -which have -the_greatest  e f f ec t  on r e l i a b i l i t y .  

Two important areas of t h i s  problem have been selected fo r  t h i s  research pro- 

ject .  The f i r s t  of these areas i s  involved with the  spa l l a t ion  of surface 

oxide layers  during rapid heating or  cooling. During such temperature changes, 

s t r e s s e s  are s e t - u p  as a-resuit-o€--tJx-metal and oxide having d i f f e ren t  coef- - - -  

f i c i e n t s  of thermal expansion. Under ce r t a in  conditions these s t r e s ses  can 

be l a rge  enough a t  the  oxide-metal i n t e r f ace  t o  cause the generally b r i t t l e  

oxide t o  f r ac tu re  - a t - the  in t e r f ace  and thus cause spa l la t ion .  When oxide 

spa l l a t ion  occurs, "fresh" metal i s  exposed t o  the  oxidizing environment 

resu l t ing  i n  rapid oxidation. Thus, each time the oxide layer  i s  removed, 

there  could be a s ign i f i can t  decrease i n  subs t ra te  thickness,  

of a heat  shield,  t h i s  decrease i n  subs t ra te  thickness means a loss of s t rength  

which could r e s u l t  i n  t he  shield not being strong enough t o  car ry  the ~lp 

pressure load encountered during f l i g h t .  

I n  the case 

.. 
It should be pointed out t ha t  t$e 

--Ereat sh ie lds  O S  t he  space s h u t t l e  w i l l  be subjected t o  la rge  temperature 

changes and thus could be susceptable t o  t h i s  spa l l a t ion  problem. 

The procedure used t o  s tudy the problem of oxide spa l l a t ion  has been 
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t o  simulate the temperature changes occuring i n  an oxidized specimen during 

rap id  heating. 

employing t h e  components purchased through t h i s  g ran t .  

These simulations have been ca r r i ed  out on an analog computer 

The major purpose of 

these  simGlations w a s  t o  determine the  conditions under which t h e  s t r e s s e s  

i n  t h e  oxide a t  t h e  i n t e r f a c e  w e r e  high enough t o  cause t h e  oxide t o  break 

. L o o s e  from t h e  m e t a l s u r f a c e .  . -  

I n  t r e a t i n g  t h e  hea t  flow by conduction i n  t h e  oxide and metal i t  w a s  

assumed t h a t  t he  hea t  f l u x  i n  t h e  oxide and metal were equal a t  t h e  i n t e r -  

-__I- fac_eL-It-was_ &LEO assumed -th_at -the geametry of _ the  i n t e r f a c e  w a s  planer such 

t h a t  a l l  hea t  flow w a s  perpendicular t o  t h e  i n t e r f a c e .  

approach i s  being used t o  so lve  t h e  appropr ia te  hea t  flow equations f o r  

various boundary conditions.  

thermal -d i f fu&vi t ies  f o r  t h e  oxide and-the m e t a l .  Preliminary simulations 

have been completed but t h e  r e s u l t s  are not present ly  i n  a f i n a l  form s u i t a -  

b l e  fo r  t h i s  r epor t .  

A f in i t e -d i f f e rence  

This procedure allows one t o  use d i f f e r e n t  

F ina l  simulations using b e t t e r  constants from t h e  

- l i t e r a t u r e - w i l l  be completed i n  t h e  near fu ture .  .- 

--The second area of study i s  concerned with t h e  r e d i s t r i b u t i o n  of a l loy ing  

elements i n  the  a l l o y  ahead of the  metal-oxide in t e r f ace .  P r e f e r e n t i a l  oxi-  

da t ion  of one of the  elements in-the a l l o y  w i l l  r e s u l t  i n  concentration 
__ -. - 

- --gradients ex i s t ing  i n  t h e  metal beneath t h e  oxide layer .  There w i l l  be a 

zone immediately below t h e  oxide where t h e  metal mat r ix  i s  depleated of t he  -; 

s e l e c t i v e l y  oxidized element and enriched with the  o ther  a l loy ing  elements. 

Analog simulation techniques can a l s o  be used t o  i n v e s t i g a t e  the  concen- 

t r a t i o n  gradien ts  e x i s t i n g  i n  a metal below t h e  oxide layer .  The ob jec t ive  

of t h i s  e f f o r t  i s  t o  be ab le  t o  determine t h e  concentration gradien ts  e x i s t i n g  

i n  t h e  metal as a r e s u l t  of t h e  p r e f e r e n t i a l  oxidation of one of  t he  elernerts 
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i n  t h e  a l loy .  The procedure he re  i s  e s s e n t i a l l y  one of us ing  a f i n i t e - d i f -  

fe rence  approach to so lve  t h e  appro2r ia te  d i f f u s i o n  equatioa. Solu t ions  f o r  

d i f f e r e n t  temperatures and oxidizing environments which g i v e  d i f f e r e n t  rates 

of oxida t ion  w i l l  be considered. 

composite when d i f f e r e n t  rate laws of oxida t ion  are opera t ing  wil l  a l s o  be  

Conditions e x i s t i n g  i n  t h e  oxide-metal 

studied. 

The N i - C r  system w i l l  be  used as an example system for t hese  s tud ie s .  

Shown i n  Figure 1 i s  a schematic r ep resen ta t ion  of the d i f f u s i o n  processes  

i n  t h e  a l l o y  and _ _ -  oxide _ _ _  phases during t h e  p r e f e r e n t i a l  ox ida t ion  of  a N i - C r  

a l l oy .  

_ _  

Although t h e  model i s  for s ta t ic  oxida t ion  work by this inves t iga to r  

t h i s  sumner at  NASA-Langley i n d i c a t e s  t h a t  it i s  probably also an  acceptab le  

model for high speed flowing a i r  tests conducted wi th  a iow oxygen p a r t i a l  

- press-use-, -It_ should be noted t h a t  t h e r e  i s  selective oxidation of C r  g iv ing  

r ise to a p r o t e c t i v e  l aye r  of C r  0 

below Che surface.  

because Cr 0 i s  thermodynamically favored.)  The C r  0 oxide l a y e r  i s  i n  

genera l  very adherent to t h e  s u b s t r a t e  and provides good p ro tec t ion  f o r  

on t h e  su r face  and a C r  dep le t ion  reg ion  2 3  

(Under p r e f e r e n t i a l  ox ida t ion  conditions no N i O  i s  formed 

2 3  -2 3 

temperatures less than about 2400'F. The p ro tec t ion  provided by t h e  C r  0 2 3  
oxide l aye r  i s  gene ra l ly  coKZdered to be  due t o  t h e  f a c t  t h a t  t h e  rate 

of d i f f u s i o n  of 0"- through Cr203 i s  slower than t h a t  of Cr*. A s  shown 

at  t h e  bottom of t h e  f i g u r e  t h e  rate of d i f fus ion  of Cr* i n  C r  0 

2200°F is  approximately 10,000 t i m e s  l a r g e r  than t h a t  of 0--. 

a t  

Because 
2 3  

-+. 

.-of t h i s  d i f f e rence  i n  d i f f u s i o n  rates t h e  main oxida t ion  r eac t ion  occurs a t  

t h e  ou te r  su r f ace  and to a smaller degree along oxide g r a i n  boundaries. The 

rap id  d i f fus ion  of Cr* t o  t h e  su r face  r e s u l t s  i n  t h e  formation of a l a r g e  

_I 

I 

de?Xetion reg ion  below the main s c a l e  and i n  t h e  formation of Kirkendall  
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poros i ty .  

and o ther  ox ida t ioz  conditions i s  a problem t h e  author plans to submit a 

(The e x t a t  of void formation as a func t ion  of t i m e ,  temperature 

proposal 

The 

p lace  as 

vo 1 a ti 1 e 

on i n  t h e  near fu ture . )  

loss of C r  from t h e  outer  su r f ace  i s  genera l ly  considered to t ake  

a r e s u l t  of t h e  higher oxidation of Cr 0 to form C r O  which i s  a 2 3  3 
oxide,  The r eac t ion  constant f o r  t h i s  r eac t ion  i s  r e l a t e d  to t he  -- - 

p a r t i a l  p ressures  of C r O  and 0 as i l l u s t r a t e d  at the  r i g h t  of t h e  f igure .  

Although t h i s  r eac t ion  constant i s  s t r i c t l y  v a l i d  only €or equilibrium con- 

3 2 
8 

- d i t i o n s  i t  does serve to show t h e  interdependency of two'of t h e  important 

parameters f o r  a dynamic environment. 

- _ _ _  

To simulate t h e  concentration gradien ts  i n  these  a l l o y s  a model based 

on a mass balance between the  supply of C r  to t h e  oxide scale by s o l i d - s t a t e  

d i f fus ion  and t h e  l o s s  of C r  from the  s c a l e  by higher oxidation to form 

v o l a t i l e  C r O  must be used. This model i s  cu r ren t ly  being developed but  no 

simulations have y e t  been obtained. A t  t h e  present  t i m e  only t h e  oxidation 

- - -  - -  

3 

of 

i s  

of 

t o  

as 
\ 

N i - C r  a l l o y s  i s  being s tudied .  

t h a t  t h e r e  i s  considerable da ta  a v a i l a b l e  i n  t h e  l i t e r a t u r e  on t h e  k i n e t i c s  

ox ida t ion  of var ious  N i - C r  a l l oys .  

The reason f o r  choosing the  N i - C r  system 

- --I 

From a p r a c t i c a l  standpoint,  t he  r e l i a b i l i t y  of a hea t  s h i e l d  i s  r e l a t e d  

These two areas are in t imate ly  r e l a t e d  both of t h e  areas mentioned above. 

can b e  seen by considering what happens when oxide s p a l l a t i o n  occurs. 

F i r s t ,  t h e  composition of t he  metal exposed to t he  oxidizing environment f o l -  

lowing s p a l l a t i o n  can be s i g n i f i c a n t l y  d i f f e r e n t  from t h e  composition of t h e  

s t a r t i n g  a l l o y .  

f a s t e r  than t h a t  of t h e  o r i g i n a l  a l loy .  This would r e s u l t  i n  r ap id  s u b s t r a t e  

thickness decrease i n  t h a t  area and thus  i n  a l o s s  of s t rength .  This l o s s  

The oxida t ion  rate of t h i s  newly exposed metal may be much 
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of s t r eng th  could a l s o  enhance t h e  s p a l l a t i o n  problem i n  t h a t  area i f  l o c a l -  

i zed  f lex ing  o r  buckling were t o  take  p lace  dtiring subsequent f l i g h t s .  

The funds provided i n  t h i s  g ran t  were used t o  purchase th ree  components 

f o r  a TR-20 analog computer i n  t h e  department of Metals and Ceramic Engineering. 
.- 

Because of long delays by the  suppl ie r  (Electronics Associates, Inc.) ,  t h i s  

equipment was  no t  obtained u n t i l  t he  middle -_ . p a r t  of October. t h a t  t i m e ,  
-. 

extensive use  has been made of t h i s  equipment by our undergraduate and graduate 

s tudents  f o r  simulation s tud ie s  of meta l lurg ica l  problems. The sen io r s  i n  

MCE 412 (Design) have used t h e  analog f o r  simulation of me ta l lu rg ica l  proces- 

ses while t h e  graduate s tudents  taking MCE 515 have used t h e  analog f o r  the  
_-__I_--____.__ _____ - - .-_ 

so lu t ion  of s e l ec t ed  d i f fus ion  and hea t  flow problems. These s t u d i e s  have 

suggested c e r t a i n  problem areas which are being included i n  a proposal t o  

NASA-Langley cu r ren t ly  being prepared by t h i s  inves t iga tor .  __ ______I-- _ .  

During t h e  period of t h i s  gran t  ( Ju ly  1 - Aug. 31, 1970) I w a s  working 

at Langley Research Center i n  Hampton, Virginia as a NASA-ASEE Summer Faculty 

Fellow. It i s  only r ecen t ly  t h a t  I have been a b l e  / t o  start  making use  of t he  

equipment purchased on t h i s  gran t .  I am, however, cu r ren t ly  preparing a re- 

search proposal t o  b e  submitted t o  Langley which w i l l  inc lude  a simulation 

7 W d y  of t h e  oxid-aTT-onrprocess of metalIic hea t  sh i e lds .  This simulation 

study w i l l  be performed on the  analog computer which contains t h e  components 
- -- - .__ - . -  

purchased through t h i s  grant.' 

\ 



FINAL REPORT 

to the 

NATIONAL AERONAUTICS AND SPACE ADHINISTRATION 

in  connection with 

NASA Grant NGR 47-004-006 

Part: 11 of 21 Parts 

Final Report 
VPI&SU Project 313368 

Velocity Measurements in  Thin Liquid Fi lms  
Flowing on Solid Surfaces 

W. C .  Thomas 
Mechanical Engineering 

Virginia Polytechnic Inst i tute  & State University 
Blacksburg, Virginia 

December, 1970 



VELOCITY MEASUREMENTS I N  THIN L I Q U I D  FILMS 

FLOWING ON SOLID SURFACES 

An experimental technique was  es tab l i shed  f o r  measuring the  instan- 

taneous flow c h a r a c t e r i s t i c s  i n  a th in ,  f a l l i n g ,  laminar film. The hydrogen 

bubble technique w a s  used t o  measure t h e  ve loc i ty  d i s t r i b u t i o n ,  boundary 

l aye r  thickness,  and f i lm  thickness i n  l i q u i d  water fi lms less than one-tenth 

of an inch thick.  It w a s  demonstrated t h a t  t he  technique could be e f f ec t ive -  

l y  used f o r  these  extremely t h i n  fi lms by o r i en t ing  the  bubble generating 

w i r e  diagonally across the f i lm  and observing from a d i r ec t ion  normal t o  t h e  

plane" of t h e  flowing film. Experimental ve loc i ty  d i s t r i b u t i o n  da ta  w a s  I1 

obtained during t h e  inves t iga t ion  t h a t  w i l l  be a s i g n i f i c a n t  addi t ion  t o  t h a t  

previously ava i lab le .  These da t a ,  as expected, can be used t o  i n f e r  viscous 

shear stress a t  t h e  so l id- l iqu id  in t e r f ace .  

apparent ve loc i ty  defec t  observed i n  t h e  l i q u i d  a t  t h e  liquid-atmospheric 

An unexpected f ind ing  w a s  t h e  

a i r  in t e r f ace .  This appears t o  r e s u l t  from sur face  tension e f f e c t s  where the  

w i r e  passes through t h e  in t e r f ace .  This l a t te r  f ind ing  causes d i f f i c u l t i e s  

i n  i n f e r r i n g  i n t e r f a c i a l  shear stresses from observed ve loc i ty  p r o f i l e s .  

The p ro jec t  w a s  an extension of a study i n i t i a t e d  earlier with VPI 

Research funding. One graduate s tudent  completed h i s  t h e s i s  research with 

VPI  support. An add i t iona l  graduate s tudent  w a s  supported by t h e  NASA-MDG 

phase of t h e  p ro jec t  f o r  two months and contributed t o  the  success of t h e  

broader pro jec t .  

mental study w a s  ca r r i ed  out. Three d i f f e r e n t  flow regimes f o r  laminar 

f a l l i n g  fi lms w e r e  i d e n t i f i e d  and analyzed. The d is t inguish ing  character-  

istics of t hese  regimes w e r e  c l a s s i f i e d  as acce lera t ing  and boundary l a y e r  

developing, acce lera t ing  and f u l l y  developed, and non-accelerating f u l l y  

I n  the  j o i n t  p ro j ec t ,  an a n a l y t i c a l  as w e l l  as an experi- 



developed f i l m  flow. 

compared w i t h  a n a l y t i c a l  r e s u l t s .  The agreement w a s  gene ra l ly  good. 

Fur ther  d e t a i l e d  informat ion  is a v a i l a b l e  i n  a mechanical engineer ing  

master's t h e s i s  e n t i t l e d :  

(Jan.  1970). 

Experimental  d a t a  w e r e  ob ta ined  f o r  each regime and 

"Flow C h a r a c t e r i s t i c s  of Thin Liquid Films," 

One subsequent proposa l ,  " H e a t  T rans fe r  from Spray-Wetted Tubes Exposed 

t o  A i r  Flow," which, i n  p a r t ,  w a s  an outgrowth of t h e  p r o j e c t  has  been sub- 

mi t t ed  t o  t h e  Nat iona l  Science Foundation. 
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A THEORETICAL INVESTIGATION OF LOW MASS METEOROIDS 

Abstract  

Processes capable of  e j e c t i n g  s m a l l  p a r t i c l e s  from t h e  s o l a r  system 

were inves t iga ted .  It was found t h a t  the comminution process produces 

very small p a r t i c l e s  i n  s i z e a b l e  q u a n t i t i e s .  

e f f e c t  s p i r a l s  these  very s m a l l  p a r t i c l e s  toward t h e  sun where they 

evaporate and then s p i r a l  outwards due t o  r a d i a t i o n  pressure.  The l i f e -  

tine of a Poynting-Robertson p a r t i c l e  is l o 7  - 10 A north-south 

component t o  the  sun ' s  magnetic f i e l d  is  capable of e j e c t i n g  very s m a l l  

The Poynting-Robertson 

8 years .  

p a r t i c l e s  i n  a very s h o r t  time (of the order  of 10 - 100 years  f o r  a one 

micron p a r t i c l e ) .  

Dynamical e f f e c t s  caused by t he  g r a v i t a t i o n a l - f i e l d  of the p lane t s  were 

However, the  existence of such a f i e l d  is  i n  doubt. 

found t o  b e  n e g l i g i b l e  f o r  a p a r t i c l e  i n  the  region of Earth's o r b i t .  



Introduction 

P a s t  analyses of t h e  Pegasus and Explorer sa te l l i t e  penet ra t ion  d a t a  

Figure 1 have uncovered the  p o s s i b i l i t y  of a low mass meteoroid cut-off. 

presents t he  pene t ra t ion  d a t a  from the  two series 

with some b e s t  f i t t e d  curves t o  the  da ta .  

f i t  s ince  the Pegasus and Explorer sa te l l i te  d a t a  

(1,2) A 

of satell i tes toge ther  

s t r a i g h t  l i n e  w i l l  no t  

de f ine  e s s e n t i a l l y  

d i f f e r e n t  s lopes  on log-log sca l e s .  

the  two sets of da t a  which ind ica t e s  t h a t  perhaps t h e  low-mass meteoroid 

cut-off is  c lose  t o  the  Explorer data.  

It is the  s lope  d i f fe rence  between 

Previous meteoroid d a t a  obtained i n  space does no t  show any t rend  

toward cut-off. 

were obtained by using meteoroid de t ec to r s  cons is t ing  of p i e z o e l e c t r i c  

elements a t tached  t o  some r i g i d  sur face .  The i n s t a b i l i t i e s  of p i e z o e l e c t r i c  

However, i t  should be noted t h a t  nea r ly  a l l  previous d a t a  

elements used i n  t h i s  manner have been inves t iga ted .  ( 3 , 4 )  

gat ions  have shown t h a t  these de tec to r s  generate f a l s e  impacts, which w a s  

no t  known at  the  time. 

has been discarded i n  t h i s  repor t .  

The investi- 

Thus p a s t  meteoroid d a t a  obtained by these  de t ec to r s  

There were o the r  meteoroid experiments launched a f t e r  Pegasus and 

Explorer. 

I1 satellite.(5’ 

Soviet Union has a l s o  launched some recent  meteoroid experiments using 

s p e c i a l  accous t i ca l ly  i s o l a t e d  p i e z o e l e c t r i c  meteoroid de t ec to r s  of a new 

design. 

evident that t h e  supposit ion of a low mass meteoroid cut-off (and a consequent 

One of these w a s  t h e  pene t ra t ion  experiment on board t h e  Ariel 

Figure 1 shows the  r e s u l t s  of t h a t  n u l l  experiment. The 

The d a t a  from these  de t ec to r s  i s  a l s o  i n  Figure 1. (6) It is  
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maximum f lux )  does not cont rad ic t  t h i s  newer data.  

The supposit ion of a minimum s i z e d  p a r t i c l e  has y e t  t o  rece ive  experi- 

mental v e r i f i c a t i o n .  

fo r  i t  must be es tab l i shed .  The purpose of t h i s  study is  t o  inves t iga t e  

the  physical processes which are responsible f o r  meteoroid cut-off and 

perhaps h e l p  e s t a b l i s h  where f u r t h e r  experimentation of t h i s  phenomena might 

be most f r u i t f u l .  

Once a cut-off is  measured, however, a physical reason 

The following sec t ions  present desc r ip t ions  of the  processes inves t i -  

gated along wi th  some discussion of t he  e f f e c t s .  
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A. Physical Processes Responsible f o r  Cut-Off 

Poy,nting-Robertson Ef fec t  : 

A very s t r i k i n g  e f f e c t  predicted by the special theory of r e l a t i v i t y  

is the  Poynting-Robertson Effec t .  

w i l l  experience pressure from the  sun's r ad ia t ion  not  only i n  the  r a d i a l  

d i r e c t i o n  b u t  a l s o  t angen t i a l ly  - aga ins t  t he  p a r t i c l e ' s  motion. 

t angen t i a l  drag w i l l  cause the  p a r t i c l e  t o  l o s e  angular momentum and t o  

eventually s p i r a l  i n t o  t h e  sun. 

A p a r t i c l e  i n  motion around the  sun 

This 

Following t h e  development given by 

R ~ b e r t s o n , ' ~ )  w e  can ske tch  the  der iva t ion  of t h i s  e f f e c t ,  with the  

expressed i n t e r e s t  of  g e t t i n g  a r j rp ica l  p a r t i c l e ' s  l i f e t i m e  i n  the  s o l a r  

system * 

Consider a s m a l l ,  sphe r i ca l  p a r t i c l e  of r ad ius  a, dens i ty  p ,  moving 

wi th  a u n i t  four-velocity up i n  the  system S, i n  which t h e  sun i s  a t  rest. 

I n  S,  t h e  sun's r a d i a t i o n  f a l l i n g  on the  p a r t i c l e  can be considered t o  be  

a plane wave w i t h  the inc iden t  d i r e c t i o n  defined by the  dimensionless 

n u l l  four-vector R'$ w i t h  Ro = 1. 

be  w r i t t e n  as 

The energy-momentum-stress tensor  can 

(7) 

w h e r e  d is the energy dens i ty  of the  r ad ia t ion .  

Upon going t o  the  near ly  i n e r t i a l  proper frame of t he  p a r t i c l e ,  P ,  the  

four-velocity of the p a r t i c l e  and t h e  four-velocity of t h e  inc iden t  r a d i a t i o n  

are given by 
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where v i s  the  d i r e c t i o n  of the  inc ident  r a d i a t i o n  i n  P .  We assume t h a t  

the p a r t i c l e  is  i n  thermodynamic equilibrium; t h a t  is, t he  rate a t  which 

the r ad ia t ion  i s  absorbed i s  equal t o  the  rate a t  which the  par t ic le  

i s o t r o p i c a l l y  re-emits r ad ia t ion .  This means that mass is constant i n  P, 

o r  

where T is the  proper time. L e t  us denote t h e  r a d i a t i o n  pressure  by 

where u is a purposely ambiguous cross-section and 6 is the  energy dens i ty  

of t he  r a d i a t i o n  i n  the  system P. 

Theref o re s  

This force- a c t s  i n  the  d i r e c t i o n  va. 

Putting (3) and (5) toge ther ,  w e  have 

- = -  dmvU (XU - A 0 2 )  
dT xoc 

Going back t o  the  sun's rest f rane ,  S, w e  f i n d  the  covar ian t  generali-  

za t ion  of ( 6 )  is 

U - = -  fw (a'" - wu ) dmu' 
d.r C 

2 where w = R u' = A', 6 = w d ,  and f = od which i s  the force  which the  

p a r t i c l e  would experience i f  i t  were a t  rest i n  the sun's system. 

proper time is T~ 

01 

The 
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We now take  t h e  low ve loc i ty  approximation, 

a ka 
2 

n e -  
a dx v e- 

d t  ' C 

where t is t h e  coordinate time i n  S. This implies,  

V a 
f ( l  - +na - f - d t  C C 

V dva m-xa 

where vn = v n 

weakened by a Doppler f a c t o r .  

drag" although a drag arises from both t h e  f i r s t  and second terms of 

equarion (9). 

The f i r s t  term is IIOW t h e  fo rce  due t o  r ad ia t ion  - -  
The second term is t h e  so-called " tangent ia l  

L e t  S be  the s o l a r  constant ( r ad ia t ion  f a l l i n g  on a square centimeter 

This i m p l i e s  normal t o  t h e  sun's rays a t  the  mean d i s t ance  b of t h e  e a r t h ) .  

t h a t  

a = - .  Sb f a - .  mac - ASb2 2.5 x lo1' 
2 '  a = - =  2 a P  r m c  2 '  (A. 10) 

c r  

where r is t h e  sun-meteoroid distance, A is  an e f f e c t i v e  c ross  c t i o n a l  

area, and a is  the  e f f e c t i v e  p a r t i c l e  radius.  

i n  po la r  coordinates (r,e) f o r  a p a r t i c l e  i n  t h e  plane of t h e  e c l p t i c .  

Now l e t  us w r i t e  equation (9) 

(A. 11) 
A A 

where p 

the  angular momentum pe r  u n i t  mass decreases according t o  

= GM, p = p, - ace From the  second equation of (11) w e  f i n d  t h a t  
0 

2-  
(A. 12) r 0 = h - a 0  

The f i r s t  equation of (11) can be  put i n t o  t h e  form of an inhomogeneous 

Bessel's equation via a transformation t o  va r i ab le s  z and 4 
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(A. 13) 1 z 4 ;  - = u = p q  h 
a r 

0 s - -  
a 

Equation (A. 11) then becomes 

(A. 14 )  1 1 + (1 --+ = -  
9 93 

1 dz 

and Equation (A.12) is  now 

2 (A. 15) 6 + u a4 = 0 

The asymptotic expansion of the  so lu t ion  of (A.14) f o r  9 >> 1 i s  

(A.16) $d{l--$.. . . +  (-1)n22nn~ (n + 1) : + . 
o2 92n 

Upon expressing + z  i n  terms of r, w e  f i n d  

(A. 1 7 )  r = a2p-1(~2 + 8 + . . . ) 
which i n  tu rn  implies t h a t  (A.15) becomes 

2 
2adt + r ( l  + - 8a + .  . * ) d r = O  v r  (A. 18) 

In t eg ra t ing  t h i s  w e  f i nd  t h a t  

2 2  
Cr - rl)  4a + -  ( r  - rl)  + . e 

4a li 
t =  

2 = 7.0 x 106(R2 - Rl)(ap) 

+ 5.0 x lom4@ - R1)(1.31 x 10 5 a p  - 7.531-l 

where t i s  i n  years,  R and R i n  AU, and 1.1 > 0, R > R1. Equation (A .19)  1 

holds as long as E < .99. 

is v io l a t ed ,  the r ad ius  is of t h e  order  of 

For values of ap  so s m a l l  t h a t  t h i s  i nequa l i ty  

cm. , which is comparable 
1.IO 
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t o  t h e  wavelength of r a d i a t i o n  which t h e  sun emits. Thus t h e  c r o s s  s e c t i o n ,  

cr, of the  p a r t i c l e  i s  a quantum mechanical r a t h e r  than  a geometr ica l  c ros s  

s e c t i o n .  When t h e  r a d i a t i o n  p res su re  overcomes the g r a v i t a t i o n a l  p u l l  of t h e  

sun t h e  r a d i u s  of t h e  p a r t i c l e  must be  < 10 

t o  be  blown o u t  of  t h e  s o l a r  system. 

-5 cm. i n  o r d e r  f o r  t h e  particle 

A s  a s imple numerical  example , ,cons ider  an  a s t e r o i d a l  p a r t i c l e  of r ad ius  

5.0 x 

t h e  a s t e r o i d  b e l t ,  Q 3.0 AU. The time it  takes f o r  t h i s  p a r t i c l e  t o  f a l l  

i n t o  t h e  sun, assuming that i t  doesn ' t  b o i l  completely away, is Q 10  

which is comparatively s h o r t  relative t o  the l i f e t i m e  of t h e  s o l a r  system. 

cm.,  d e n s i t y  3.5 gm/cc, l y i n g  i n  a c i r c u l a r  o r b i t  i n  t h e  mids t  of 

7 y e a r s ,  
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B. Comminution Process 

The comminution o r  grinding process w a s  o r i g i n a l l y  inves t iga ted  by 

Piotrowsky(8) and more r ecen t ly  by Dohnanyi" 'lo'll). The main ideas  and 

equations of the comminution process are described below. The formulation 

described i s  the  one presented by Dohnanyi i n  the  th ree  references quoted 

above. 

Consider the  c o l l i s i o n  of two ob jec t s  of mass M 1 and M2 where M 1 < M2' 

The ve loc i ty  of c o l l i s i o n  i s  assumed t o  be several kilometers per second. 

Two s i t u a t i o n s  w i l l  occur a t  such high v e l o c i t i e s :  

1) M1 w i l l  create a crater i n  M2 and fragment i t s e l f  i n t o  very s m a l l  

deb r i s  

2) M1 w i l l  completely fragment M2 and i t s e l f .  This w i l l  be r e fe r r ed  

t o  as a ca t a s t roph ic  c o l l i s i o n .  

For the  f i r s t  case i t  w a s  assumed t h a t  t h e  t o t a l  mass, Me, of t he  deb r i s  

i s  given by 

sec2 2 (B.1) Me = I'Ml r = (5 
km 

where v is  the  ve loc i ty  of impact  and is  measured i n  km/sec. 

f o r  l' i s  a rough f i t  t o  experimental d a t a  ( l o )  f o r  b a s a l t  t a rge t s .  

The expression 

The 

mass range of M2 which can be ca t a s t roph ica l ly  d is rupted  by M1 is given by 

where 

according t o  Dohnanyi (11 1 e 
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The products of t he  c o l l i s i o n s  and ca t a s t roph ic  events w i l l  have 

a c e r t a i n  mass d i s t r i b u t i o n ,  and on the  average, i t  is taken as 

03 .4 )  g (m;M1 ,M2) dm = C (Ml ,M2)m-'ldm 

where g(m;M ,M )dm is the  number of fragments of m a s s  between m and m + dm 
produced by t h e  c o l l i s i o n  of M wi th  M2. 

%, is assumed t o  be 

1 2  

The mass of the b igges t  fragment, 1 

where A is  approximately given by 

( lo)  For c o l l i s i o n s  which M surv ives ,  i t  must from experimental evidence. 

be t h a t  

2 

0 . 7 )  

where p is  t h e  mass of t h e  s m a l l e s t  fragment produced by t h e  c o l l i s i o n .  

Evaluating (B.7) gives  

and f o r  ca t a s t roph ic  c o l l i s i o n s ,  t he  i n t e g r a t i o n  y i e l d s  

The d i f f e r e n t i a l  equation of the  c o l l i s i o n  process is next  se t  up. 

It is given by 
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Erosion Catastrophic 4- Col l i s ions  

Creation by 
Fragment a t  ion 

where f(m,t)dm is  t h e  number of p a r t i c l e s  pe r  volume i n  the  mass range dm. 

The various terns were evaluated by Dohnanyi (lo) who attempted t o  f ind  a 

"steady state" equation f o r  t he  process. I n  a la ter  paper (I1) he shows 

t h a t  i f  t he  number dens i ty  function f(m,t) is  given by the  equation 

(B. 11) f(m,t)dm = Am-Ydm 

where A is a function of  time and y is  a constant a t  time t ,  then the  

d i s t r i b u t i o n  is uns tab le  f o r  y > 11/6 and w i l l  decay t o  a lower value of 

y over a s u f f i c i e n t l y  long t i m e .  He considers t h e  problem of comet frag- 

ments co l l i d ing  wi th  a s t e r o i d s  and a s t e r o i d  fragments and concludes t h a t  

such a process would produce a meteoroid environment characterized by 

d i f f e r e n t  values of y. 

Also i n  h i s  latest  paper, Dohnanyi states t h a t  c o l l i s i o n  processes 

are more e f f i c i e n t  than r ad ia t ion  damping i n  producing very small p a r t i c l e s .  

Small p a r t i c l e s  are produced by r a d i a t i o n  damping s i n c e  the  Poynting-Robertson 

e f f e c t  d r ives  s m a l l  p a r t i c l e s  c l o s e  enough t o  t h e  sun t o  cause them t o  

evaporate t o  the  po in t  where they are s m a l l  enough t o  be blown ou t  of t h e  

solar system by r a d i a t i o n  pressure.  Thus what he  envisions are p a r t i c l e s  
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c o l l i d i n g  w i t h  one another  f requent ly  enough so t h a t  t he  p a r t i c l e s  blown 

out  of t h e  solar system are small as a r e s u l t  of c o l l i s i o n s  and n o t  

because of evaporation near the sun. 
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C. Solar In t e rac t ions  

Solar  r ad ia t ion  on a p a r t i c l e  can impart a s m a l l  p o s i t i v e  charge to  

the  p a r t i c l e .  "*) The mechanism involved is  the  pho toe lec t r i c  e f f e c t  and 

is capable of giving a p a r t i c l e  a charge of a few e l e c t r o n  v o l t s .  

charged p a r t i c l e  is  suscep t ib l e  t o  the  powerful Lorentz force .  

A 

The i n t e r a c t i o n  of a charged p a r t i c l e  with the  sun has been discussed 

by Belton. '13) 

1 t o  10  microns are a l l  e j ec t ed  from the s o l a r  system. 

t h e i r  e j e c t i o n  is the  following. 

buffeted by t h e  in t e rp l ane ta ry  magnetic f i e l d ,  f i r s t  becomes c i r c u l a r ,  then 

begins t o  sh r ink  under the  e f f e c t  of various drag fo rces  l i k e  the  Poynting- 

Robertson e f f e c t .  Near t h e  sun, the  p a r t i c l e  begins t o  evaporate and 

diminishes i n  s i z e .  The e f f e c t s  of t he  s i z e  change are counter t o  the  drag 

forces.  

His ana lys i s  showed t h a t  p a r t i c l e s  i n  the  s i z e  range from 

The mechanism f o r  

The o r b i t  of t he  p a r t i c l e ,  gent ly  

The drag forces  are eventually overcome and then the  p a r t i c l e  

moves on t o  l a r g e r  and more e c c e n t r i c  o r b i t s ,  eventua l ly  achieving a 

hyperbolic o r b i t s  

A very dramatic Lorentzian e f f e c t  i s  mentioned by Belton. The 

magnetometer on board Mariner 11, IMP1 and Mariner I V  seemed t o  d e t e c t  an 

in t e rp l ane ta ry  po la r  magnetic f i e l d  d i r ec t ed  southward with a magnitude 

of about gauss. This Bo i f  i t  e x i s t s ,  r ep resen t s  a g i g a n t i c  energy 

d ra in  from the  sun and poses considerable t h e o r e t i c a l  problems. 

of such a f i e l d  on o r b i t i n g  p a r t i c l e s  is very pronounced and is  much g r e a t e r  

than the Poynting-Robertson e f f e c t .  The l i f e t i m e  of a p a r t i c l e  charged t o  a 

The e f f e c t  

few v o l t s  i n  a 1 AU circular o r b i t  i s  about 30 years under t h e  inf luence  of 

such a f i e l d .  
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D. Dynamical Ef fec ts  

These e f f e c t s  s t e m  from the  g r a v i t a t i o n a l  a t t r a c t i o n  (14) which a 

planet e x e r t s  on the  o r b i t s  of bodies crossing the  o r b i t  of the p l ane t  i n  

question. Close approaches produce l a r g e  changes i n  the  o r b i t a l  elements 

which can r e s u l t  i n  e j e c t i o n  o r  a s h i f t  t o  a s h o r t e r  l i v e d  o r b i t .  

p a r t i c l e s  crossing t h e  o r b i t  of e a r t h  o r  Venus t h e  mean l i f e  of t h e  

p a r t i c l e  o r b i t  i s  about 10 y r .  It is evident t h a t  t he  Poynting-Robertson 

e f f e c t  is g r e a t e r  than dynamical e f f e c t s  f o r  p a r t i c l e s  crossing the  e a r t h ' s  

o r b i t .  

The mean l i f e  of such a p a r t i c l e  i s  about 10  

e f f e c t s  of J u p i t e r .  

For 

8 

Such i s  no t  t h e  case f o r  p a r t i c l e s  crossing J u p i t e r ' s  o r b i t ,  however. 

6 years  due t o  the dynamical 
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Conclusions 

A l l  ava i l ab le  evidence seems t o  i n d i c a t e  t h a t  very s m a l l  p a r t i c l e s  

(less than one micron) are produced by meteoroid c o l l i s i o n s  and eros ion  

i n  s i zeab le  quan t i t i e s .  S a t e l l i t e  de tec t ion  of meteoroids seems t o  

ind ica t e  t h a t  there  are no very small p a r t i c l e s  i n  t h e  s o l a r  system. 

Various physical mechanisms can expla in  the  l ack  of very s m a l l  p a r t i c l e s .  

The Poynting-Robertson e f f e c t  i s  capable of e l imina t ing  small p a r t i c l e s  

8 i n  a time frame of about 10 

evaporation of t he  p a r t i c l e  near t he  sun may s i g n i f i c a n t l y  change the  

p a r t i c l e ' s  o r b i t  and extend o r  shorten t h e  lifetime considerably. 

years.  This l i f e t i m e  i s  uncertain because 

A polar  component t o  the  in t e rp l ane ta ry  magnetic f i e l d  w i l l  a f f e c t  

a s m a l l  charged p a r t i c l e  very s i g n i f i c a n t l y .  

about 30 yea r s  are the  r e s u l t  of such a magnetic f i e l d .  

of t h i s  f i e l d  rests on r a t h e r  uncer ta in  satel l i te  d a t a  and thus t h i s  

P a r t i c l e  l i f e t i m e s  of  

The exis tence  

p o t e n t i a l l y  important e f f e c t  is highly uncertain.  

Dynamical e f f e c t s  due t o  the  g r a v i t a t i o n a l  a t t r a c t i o n  of t he  p lane ts  

8 lead t o  p a r t i c l e  l i f e t i m e s  of about 10  

These e f f e c t s  are f e l t  t o  be  genera l ly  smaller than e i t h e r  the  Pognting- 

Robertson e f f e c t  o r  electromagnetic e f f e c t s .  

years  f o r  near-earth p a r t i c l e s .  

It is important t h a t  t he  meteoroid cut-off be determined i n  some way 

s ince  manned missions i n  in t e rp l ane ta ry  space w i l l  r equ i r e  meteoroid protec- 

t i on .  

obtained from only two sources;  zodiaca l  l i g h t  observation and observation 

of t h e  a s t e ro ids .  Def in i t e  knowledge of cut-off would m a k e  zodiacal 

l i g h t  observation y i e l d  more information about t h e  meteoroid population i n  

in t e rp l ane ta ry  space. 

Knowledge of the  in t e rp l ane ta ry  meteoroid environment is p resen t ly  



- 15 - 

References 

1. Naumann, Robert J., The Near Ear th  Meteoroid Environment, NASA 

TN D-3717, November 1966. 

2. Alvarez,  Jose  M . ,  S a t e l l i t e  Measurements of  P a r t i c l e s  Causing 

Zodiacal L igh t ,  NASA SP-150, p.  123-129. 

3. Ni l sson ,  C. ,  Some Doubts about t h e  E a r t h ' s  Dust Cloud, Science 153, 
No. 3741, September 9,  1966, p. 1242-1246. 

4. Holden, Dale G. and Beswick, Al f red  G., Impact Detec t ion  Experiment, 

To be found i n  NASA TN D-4284 Explorer  XXIII Micrometeoroid S a t e l l i t e ,  

June 1968, p. 45-57. 

5. Jennison ,  R. C. ;  McDonnel1, J. A. M.; Rogers, I.; The A r i e l  I1 

Micrometeori te  P e n e t r a t i o n  Measurements, Proc.  of t h e  Royal SOC., 

- 300, 251-269 0 9 6 7 ) .  

6. Konstantinov, B. P.;  Bredov, M. M . ;  Xazets ,  E.  P.; Panov, V. N . ;  

Aptekar ' ,  R. L . ;  Golenetskiy,  S. V.; Guryab, Yu. A.; I l ' y i n s k i y ,  V. N.; 

Micrometeoric I n v e s t i g a t i o n s  i n  t h e  Near-Earth Space According t o  

Observat ions on AES KOSMAS-163, from P r e p r i n t  A.N. USSR, 0. Lenina 

F iz iko  Tekhnicheskiy I n s t i t u t ,  Imeni A.F. I o f f e ,  Leningrad, 1969 

( t r a n s l a t i o n )  

7. Robertson, H. P. Dynamical E f f e c t s  of  Radia t ion  i n  t h e  So la r  System, 

Royal Astronomical SOC., Monthly Not ices ,  97, 423-438 (1937). 

8. Piotrowsky, S., Acta Astronomica, Se r .  A, 5, 115 (1953). 

9. Dohnanyi, J. S. ,  C o l l i s i o n a l  Model of Meteoroids ,  Bel lcorn.  Rept. 

TR-67-340-3, 1967. 

10, Dohnanyi, J. S., C o l l i s i o n a l  Model of As tero ids  and Thei r  Debris ,  

Bellcomm. Rept., TR-68-710-4, 1968. 



- 16 - 

11. Dohnanyi, J. S. ,  On t h e  Or ig in  and D i s t r i b u t i o n  of Meteoroids,  

Bel lcorn.  Rept.,  TR-69-105-3-2, 1969. 

12. Rhee, J. W., E l e c t r o s t a t i c  P o t e n t i a l  of  a Cosmic Dust P a r t i c l e ,  

.NASA SP-150, p. 291-298. 

13. Belton, Michael J. S., Dynamics of I n t e r p l a n e t a r y  Dust P a r t i c l e s  

Near t h e  Sun, NASA SP-150, p .  301-306. 

14. Opik, E. J., S t r ay  Bodies i n  t h e  S o l a r  System, P a r t  1, Surv iva l  of 

Cometary N u c l e i i  and Astero ids .  In Adv. i n  Astron. and Astrophys., 

Vol. 2, ed. by 2. Kopal, Academic P r e s s ,  Inc. ,  New York, p .  219-262. 



- 17 - 

Figure  Caption 

Fig.  1, Meteoroid Detec t ion  S a t e l l i t e  Resu l t s .  
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INTRODUCTION 

50 The in te rac t ion  of protons and neutrons w i t h  T i  produces gamma 

t 
rays, 

capture process 

In the case of proton interact ions with 50Ti, both the proton 

P + 50Ti  3 5$ + y 

as w e l l  as the inelastic sca t te r ing  process 

P + 50Ti + 50Ti  + P' + y 

occurs. The type of proton interact ion with titanium depends upon the 

incoming proton energy, A t  some par t icu lar  proton energies, resonances may 

be observed. 

compound nucleus formed ( V)  , T h i s  nucleus subsequently decays and 

protons and/or gamma rays are emitted, leaving 54 i n  the ground s t a t e .  

These resonances arise due t o  energy level  s t ruc tures  of the 

51 * 

51 * When neutrons interact w i t h  50Ti ,  the  ( Ti) compound nucleus is  

formed , 

n + 50Ti  -+ C5hi)* 3 51Ti + y 

v + y  . 51 

The compound nucleus immediately de-excites by releasing prompt gamma 

rays,  The 51Ti, now in the ground state, beta  decays in to  51V with a 

half  l i f e  of 5.80 minutes, I n  this beta  decay process gamma rays are 

also emitted. 

The gamma ray environment i n  a space vehicle with some components 

containing 5 0 T i  w i l l  primarily be determined by the proton interact ion 

with the titanium since the primary cosmic rays are mainly protons (1) . 



Secondary neutrons are produced by t h e ' i n t e r a c t i o n  of the protons w i t h  

matter. These neutrons undergo elastic and inelastic c o l l i s i o n s  and 

are then  captured. 

T h i s  r epor t  conta ins  information on the neutron a c t i v a t i o n  of 50Ti  as 

w e l l  as the pro ton  i n t e r a c t i o n  w i t h  titanium, 

most r e c e n t l y  been s tud ied  by Robinson et a1,") i n  1963. 

The neutron a k t i v a t i o n  has 

There w e r e  

t h ree  gamma rays  which followed the b e t a  decay of 51Ti i n t o  51V, The 

51Ti w a s  formed by the neutron a c t i v a t i o n  of 50Ti ,  Three gamma rays  

were found wi th  energ ies  of 0,319, 0.613 and 0,934 MeV, 

i n t e n s i t i e s  of these gamma rays are 100, 1.6 and 5.8 respec t ive ly .  

Prompt gammas are assoc ia ted  w i t h  this neutron cap tu re  process b u t  w e r e  

no t  inves t iga ted .  

The r e l a t i v e  

The 5oTi(P,Pty) r e a c t i o n  w a s  s tud ied  by Gray et  a1,(3), They 

s tudied  this reac t ion  a t  incoming proton energ ies  of  18.2 MeV and 11,5 MeV, 

Most of their  work w a s  concerned w i t h  the outgoing e l a s t i c a l l y  s c a t t e r e d  

protons,  however, rather than the gamma rays ,  

emit ted are i n  the low MeV region (< - , 3  MeV), 

w a s  s tud ied  a t  an energy of 7 MeV by BeloteC4' et  al .  

Most of the gamma rays  

The 5oTicP,Pty) r e a c t i o n  

(5 1 Proton f luxes  ranging from l o 3  e V  t o  200 MeV have been inves t iga ted  

i n  the magnetic f i e l d  of the earth, T h e s e  p a r t i c l e s  are a l s o  trapped i n  

t h e  magnetic f i e l d  of Jup i t e r  as w e l l  as the  earth, Secondary p a r t i c l e s  

o r i g i n a t e  w h e n  the protons interact w i t h  the n i t rogen  and oxygen i n  

the earthts atmosphere o r  w i t h  o the r  material, 

The Capture. of Neutrons- by 50Ti.  

Since neutrons may be  a constant  environment i n  space due t o  var ious 

types of r eac t ions  of protons w i t h  material producing neutrons,  a study of 

the capture  of the neutrons by 50Ti w a s  undertaken. 



The 5 0 T i  sample w a s  inser ted  i n t o  the VPI reac tor  by means of a 

pneumatic t ransfer  system, The t r a n s i t  time from the reactor  t o  the 

counting f a c i l i t i e s  w a s  about 5 seconds, 

t o  the beta  decay of 51Ti w a s  then investigated by means of a 4 cm 

Ge(Li) detector  as w e l l  as a NaI(T1) c rys ta l .  

ray spectrum from the Ge(Li) detector.  

observable, the 0.320, 0,613 and 0,933 MeV, T h e  decay is  such tha t  

the 0.320 and the 0.613 w e r e  i n  coincidence adding t o  give 0,933 MeV, 

There was ,  i n  addition, the cross over t r a n s i t i o n  of 0,933 MeV, 

The gamma ray spectrum due 

3 

Figure 1 is the gamma 

Only th ree  gamma rays are 

Relative in t ens i ty  measurements w e r e  performed and our r e s u l t s  

as w e l l  as those obtained by Robinson et al.C2) are compared i n  Table 

I. The detector  used i n  the invest igat ion of the relative i n t e n s i t i e s  

was a 3" x 31t N a I  detector  i n  a lead sh ie ld  t o  reduce background t o  a 

minimum. 

Table I 

Relat ive I n t e n s i t i e s  of 51Ti Gamma Rays 

Energy (MeV) 

0,320 

0,. 613 

0.933 

Relative In t ens i ty  
(Robinson) 2 

100 

i , 6  - + a,2 

5,s .c + 0.6 

, ' " '.. 

..... 1 . 1 . .  . 1  

' Relative In t ens i ty  
(This  Work) 

. .  

100 

3.75 - + 0,4 

8.8' - + 0.8 

, , . . - . . -  -..\ ..% . -  \ , ..,.. .. , - - - - . . . . . -  . . -  

The absorption cross sec t ion  of 50Ti  f o r  neutrons of 0.025 e V  w a s  

0,14b(6). 

s ign i f i can t  source of rad ia t ion  due to  the  gamma rays following t h e i r  

The secondary neutrons impinging on 50Ti could thus be a 

capture. ! 

I 



i 

,-. proton. 50Ti In t e rac t ions  

The V.P.1, Van d e  Graaff acce le ra to r  has an energy range of 4 MeV, 

A titanium-50 t a r g e t  on a bismuth backing was placed in  the beam tube of 

the acce le ra to r ,  

and the gamma rays w e r e  de tec ted  as func t ion  of energy. 

could b e  a t tenuated  by going through the bismuth backing, the NaI(T1) 

d e t e c t o r  w a s  placed a t  a forward angle  of about 45' w i t h  r e spec t  t o  the 

beam. 

The proton beam was  allowed t o  impinge on the t a r g e t  

Since the y rays 

The gamma ray  energy spectrum was  taken w i t h  the pr,oton beam at  

1.5 MeV, 2.25 MeV and 3.0 MeV. The  bismuth backing w a s  then r o t a t e d  

180' i n  the scattering chamber of the Van d e  Graaff acce le ra to r  and the 

background gamma ray  spectrum w a s  taken a t  these same three proton 

energ ies .  

MeV incoming proton beam case. 

about 8.5 MeV f o r  the 1.5 MeV incoming proton beam energy and about 10  MeV 

y ray  energy f o r  the 3 MeV incoming proton energy, 

Figure 2 shows the d i f f e rence  gamma ray  spectrum f o r  the 1.5 

The gamma ray  energy spectrum reached 

Figure  2 i n d i c a t e s  there w a s  some s t r u c t u r e  i n  the gamma ray  

5 1  * spectrum, This s t r u c t u r e  was  due t o  the f a c t  that as the C T i )  nucleus 

de-excited, gamma rays  were emitted which were charac te r ized  by the 

d i f f e rence  of two nuclear  energy levels. 

CONCLUSIONS 

The prompt gamma rays that were emit ted following proton capture  

would p resen t  a very real hazard t o  people i n  capsu 

i f  the proton flux w e r e  s i g n i f i c a n t ,  

a l s o  be  expected from the capture  of neutrons.  

rays  following the b e t a  decay of the rad ioac t ive  n u c l e i w e r e  always 

osed of t i t a n i  

The same energy gamma rays  would 

The  energ ies  of the gamma 

P 



much less i n  energy than the prompt gamma rays, 

The dose rate was proportional t o  the energy of the gamma rays, 

This means that high energy gamma rays whichwere absorbed by a person 

are more damaging than low energy gamma rays. 

other fac tors  t o  be considered, 

less probabi l i ty  of being absorbed. 

the absorption coef f ic ien t  f o r  gamma rays i n  t i s s u e  reached a peak a t  

There w e r e ,  however, 

The higher energy gamma ray had 

Foster and Wright(7) show t h a t  

about 0.6 MeV and then decreased on up t o  beyond 10 MeV. So l o w  

energy (- 1 MeV) gamma rays do not cause as much b io logica l  damage but 

there  absorption probabi l i ty  w a s  g rea t e r  than higher energy gamma rays, 

The experiment ind ica tes  that i t  would be the prompt gamma rays 

which would be troublesome f o r  space travel. 

(P,y) and (n,y) react ions on titanium, 

They arise from both the 
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ORGANO-COBALT OXYGEN-CARRYING COMPLEXES 

I n i t i a l l y  t h e  primary goa l s  of  t h i s  research  were (1) t o  

synthes ize  s t r u c t u r a l l y  r e l a t e d  b u t  e l e c t r o n i c a l l y  d i f f e r e n t  

cobalt(I1) complexes which r e v e r s i b l y  add oxygen and determine 

t h e i r  s t a b i l i t y  t o  repeated c y c l i z a t i o n s  and ( 2 )  t o  completely 

desc r ibe  t h e  i n t e r a c t i o n  o r  bonding between t h e  oxygen molecule 

and c o b a l t  complex by a p p l i c a t i o n  of as many of t h e  modern 

s t r u c t u r a l  techniques a s  poss ib l e .  Since these  same c o b a l t ( I 1 )  

complexes were a n t i c i p a t e d  t o  be s u i t a b l e  s y n t h e t i c  models f o r  

Vitamin B behavior ,  an a d d i t i o n a l  goa l  became ( 3 )  t o  synthes ize  

and c h a r a c t e r i z e  materials conta in ing  a c o b a l t  t o  carbon sigma 

bond (i.e. t h e  unique l inkage  found i n  t h e  coenzyme of Vitamin B12). 

12 

Our e f f o r t s  s i n c e  commencement of t h i s  research  project 

(January 1, 1969) have been channelled toward (1) synthes iz ing  t h e  

pentadentate  l i gands  which are requi red  f o r  complexation w i t h  

c o b a l t ( I I ) ,  (2)  ga in ing  a bet ter  understanding of t h e  non-oxygenated 

complexes of c o b a l t ( I 1 )  and n i c k e l ( I 1 )  with seve ra l  of t h e s e  

pentadenta te  l i gands ,  ( 3 )  t h e  cons t ruc t ion  of a Faraday magnetic 

s u s c e p t i b i l i t y  balance,  and (4) t h e  i n t e r a c t i o n  of  a l k y l  h a l i d e s  

w i t h  t h e  reduced c o b a l t  (11) complexes. 

At t h e  o u t s e t  of t h i s  work only  one of  t h e  des i r ed  penta- 

den ta t e  l i gands  w a s  known, SALDPT (n = 3 ,  X=N-H). We have now 

synthesized and cha rac t e r i zed  t h e  fol lowing new l igands .  Figure 1. 
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C=N- (CH2) n-Z- (CH2) ,-N=C 
X X 

SALDPT n=3 

SALDiEN n=2 

SALDAES n= 2 

SALDAPS 

SALDAPE 

n= 3 

n= 3 

Z=NH X=H 

Z=NH X=H, 5-Br, 5-CH3 
3-CH30, 3- (CH3) 2CH 

z=s X=H,5-Br,5-N02,5-CH3 

3-CH20, 3- (CH3) 2CH 

z=s X=H,5-Br,3-(CH3)2CH 

z=o X=H, 5-Br, 3- (CH3) 2CH 

C=H-CH (CH3) -CH2-N-CH2-CH (CH3) -N=C 
H 

SALD~PN 

C=N- (CH2) 3-NH- (CH2) 3-N=C 

PYDPT 

Figure 1 

These ligands have been prepared by the interaction of 

salicylaldehyde or pyridine-2-aldehyde with the corresponding 

polyamine, which in several cases had not been synthesized pre- 

viously, in a Schiff base reaction. 



-3- 

It w a s  f e l t  t h a t  an adequate knowledge of t h e  precursors  

w a s  necessary f o r  any r e s u l t s  concerning t h e  oxygen adducts and 

metal  carbon bonded spec ie s  t o  be meaningful. Therefore t h e  

phys ica l ,  chemical and stereochemical p r o p e r t i e s  of t h e  non- 

oxygenated and non-carbon bonded complexes of c o b a l t ( I 1 )  as w e l l  

as n i c k e l ( I 1 )  w e r e  i nves t iga t ed .  The l a t t e r  metal  ion  w a s  included 

i n  hopes t h a t  t h e  r e s u l t s  gained from t h i s  m e t a l  ion  system would 

a i d  i n  unravel ing t h e  f a c t o r s  r e spons ib l e  f o r  r e v e r s i b l e  oxygenation 

with c e r t a i n  c o b a l t  systems(i .e .  chemical and s t r u c t u r a l  t h e o r i e s  

are considerably advanced f o r  n i c k e l  complexes i n  r e l a t i o n  t o  cobalt 

complexes and n i cke l  systems are less s u s c e p t i b l e  t o  a t t a c k  by 

oxygen). 

This r e p o r t  i s  divided i n t o  a number of p a r t s  some of which 

are more d e t a i l e d  than o t h e r s  s i n c e  much of t h e  work i s  s t i l l  being 

a c t i v e l y  pursued. 

P a r t  I. 

Nickel (11) Complexes of S c h i f f  B a s e  Ligands Derived from 

S u b s t i t u t e d  Sal icylaldehydes and Diethylenetriamine and B i s ( 2 , 2 ' -  

aminopropyl) amine 

Nicke l ( I1 )  complexes of l i n e a r  p o t e n t i a l l y  pentadenta te  

Schi f f  base l igands  der ived from va r ious ly  s u b s t i t u t e d  s a l i c y l -  

aldehydes and d ie thylene t r iamine  and bis(2,2'-aminopropyl)amine 

have been prepared. 

t e r i z e d  by elemental  a n a l y s i s ,  mass s p e c t r a ,  i n f r a red -v i s ib l e -  

u l t r a v i o l e t  s p e c t r a  and magnetic s u s c e p t i b i l i t y  measurements, i n  

t h e  s o l i d  s t a t e  and d isso lved  i n  pyr id ine .  I n  t h e  s o l i d  s t a t e  

The golden yellow materials have been charac- 
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and in non-donor solvents the complexes appear to be pseudo 

square planar with magnetic moments ca. 1.2 B.M. The anomalous 

magnetism is explained in terms of either a singlet-triplet spin 

state equilibrium which arises from the weak in-plane field 

presented by the ligand or the coexistence of both high and low 

spin complexes in the solid state. In pyridine the complexes 

are pseudo-octahedral high spin nickel(I1) species. A mono- 

pyridine adduct has been isolated for one of the complexes and 

it exhibits properties similar to the complexes dissolved in 

pyridine. 

A more detailed account of this work is appended. 

Part 11. 

Nickel(I1) Complexes of Schiff Base Ligands Derived from 

Substituted Salicylaldehydes and Bis(2,2'-aminoethyl)sulfide 

Nickel(I1) complexes of the pentadentate Schiff base ligand 

derived from substituted salicylaldehydes and bis(2,2'-aminoethyl)- 

sulfide, SWLDAES, have been prepared. Green Complexes of general 

formula Ni (SALDAES) , (Ni (SALDAES) (H20)) and (Ni (SALDAES) (py)) have 

been isolated. Magnetic and spectrophotometric studies have 

shown the stereochemistry of the hydrated and pyridine adducts 

to be high spin six-coordinate pseudo-octahedral. Ni(SALDAES) is 

postulated to be five coordinate in which the sulfur atom is very 

weakly bound to the nickel(I1) ion. The weak attachment arises 

as a result of the steric requirements of the linear pentadentate 

ligand, The magnetic properties are anomolous and a spin-state 
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equilibrium between high and low spin states is postulated. 

A more detailed account of this work is appended. 

Part I11 . 
Cobalt-Carbon Sigma Bond Formation Employing a High Spin 

Cobalt (11) Complex 

A new series of vitamin B coenzyme model compounds has 

been prepared starting with the high spin cobalt(I1) chelate of 

the pentadentate Schiff base ligand derived from salicylaldehyde 

and bis (3-aminopropyl) amine (L . Sacconi and I. Bertini, J. Amer . 
Chem. SOC., 88, 5180 (1966)) . The general method of preparation 
of theseCT-bonded alkyl derivatives is the reduction of the cobalt 

complex with sodium borohydride in the presence of an alkyl halide. 

These compounds have been characterized by elemental and mass 

spectral analysis as well as infrared, visible and n.m.r. spectra. 

A six-coordinate pseudo octahedral structure is envisioned for 

these materials in the solid state. In poorly coordinating sol- 

vents an equilibrium between five and six coordinate complexes 

is postulated. TheseCT-bonded organic derivatives appear to be 

quite thermally and photochemically stable. 

12 

A more detailed account of this work is appended. 

Part IV. 

Nickel (11) Complexes of Additional New Pentadentate Ligands 

Pentadentate Schiff base ligands derived from several 

substituted salicylaldehydes and (1) bis(3,3'-aminopropyl)sulfide, 

SALDAPS, and (2 )  bis(3,3'-aminopropyl)ether, SALDAPE, have been 
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complexed wi th  n i cke l  (11) . 
and Ni(SALDAPE) have been i s o l a t e d  and are i n  t h e  process  of being 

charac te r ized .  Prel iminary magnetic and spectral d a t a  i n  t h e  

Materials of composition N i  (SALDAPS) 

s o l i d  s t a t e  and i n  py r id ine  s o l u t i o n  i n d i c a t e  these  complexes 

t o  have p r o p e r t i e s  similar t o  those  descr ibed i n  d e t a i l  p rev ious ly  

f o r  N i  (SALDAES) . 
Nickel (11) complexes have a l s o  been prepared employing 

t h e  pentadentate  l i gand  a r i s i n g  f r o m  t h e  condensation of pyridine-  

2-aldehyde and bis  (3,3 ' -aminopropyl) amine, PYDPT. This  l i gand  

d i f f e r s  from t h e  previous ones i n  t h a t  it coord ina tes  a s  a n e u t r a l  

l i gand  r a t h e r  than a d inegat ive  one. Compounds have been i s o l a t e d  

which may be formulated as (Ni(PYDPT)X)X where X = C 1 0 4  , PF6 , 

C1-, B r - ,  I , NO3 

ob ta inab le  such a s  (Ni(PYDPT) X )  PF6 where X = C1-, Br- ,  NO3 

NCS-. I f  X i s  a non-coordinating anion, water i s  incorporated 

i n t o  t h e  coordinat ion sphere.  I n  a l l  cases t h e  geometry about t h e  

metal  i on  i s  pseudo-octahedral w i t h  t h e  l i gand  providing f i v e  of 

t h e  donor atoms and an anion o r  w a t e r  molecule completing t h e  s i x -  

coord ina te  s t r u c t u r e .  Magnetic and v i s i b l e  spectral d a t a  a r e  

i n  accord with t h i s  pos tu l a t ion .  I n  good donor so lven t s  t h e  

materials behave as 2:l e l e c t r o l y t e s ;  whereas, i n  poorer donor 

so lven t s  1:l e l e c t r o l y t e  behavior i s  observed. All e f f o r t s  t o  

prepare  a f ive-coord ina te  n i c k e l ( I 1 )  complex w e r e  m e t  wi th  f a i l u r e .  

- - 
- - 

and NCS-. I n  add i t ion  mixed complexes are a l s o  
- 

and 

P a r t  V. 

Coba l t ( I1 )  Complexes of SALDiEN,  SALDAES and PYDPT 

Cobal t ( I1)  complexes of t h e  t i t l e d  l i gands  have been 
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i nves t iga t ed  prepara tory  t o  studying t h e i r  i n t e r a c t i o n  wi th  

molecular oxygen. 

SALDiEN which had i n d i c a t e d  t h a t  Co(SALDiEN) w a s  p l ana r  wi th  t h e  

secondary n i t rogen  atom n o t  coordinated t o  t h e  c o b a l t  ion.  I f  

l i t t l e  or no precaut ions  are taken t o  exclude oxygen during t h e  

i s o l a t i o n  procedure,  r e s u l t s  are obtained which would l ead  one 

t o  t h e  above conclusion. However, t o t a l  exclusion of a l l  oxygen 

Some work had previous ly  been repor ted  wi th  

throughout t h e  p repa ra t ion  and i s o l a t i o n  steps y i e l d s  a material 

whose magnetic and spectral p r o p e r t i e s  suggest  a pseudo-tetrahedral  

s t r u c t u r e  ( i .e .  magnetic moment ca. 4.5 B.M. r a t h e r  than c.a.  1 .0  

B.M. a s  noted e a r l i e r ) .  Five d i f f e r e n t  sa l icy la ldehyde  d e r i v a t i v e s  

have been made and complexed with c o b a l t ( I 1 )  a t  least  two and i n  

some cases t h r e e  t i m e s  i n  order  t o  prove t h e  v a l i d i t y  of t h i s  

observat ion.  Elemental a n a l y s i s ,  i n f r a r e d  and mass s p e c t r a  have 

been used t o  e s t a b l i s h  t h e  composition of t h e  complex as 

Co(SALDiEN). A l l  d e r i v a t i v e s  e x h i b i t  a marked r e a c t i v i t y  f o r  

oxygen when i n  s o l u t i o n  or when suspended i n  some so lvent .  Whereas, 

i n  t h e  so l id  s t a t e  they  are q u i t e  stable t o  a i r .  Our work has  

been s e r i o u s l y  hampered by l ack  of an e x c e l l e n t  i n e r t  atmosphere 

box, b u t  funds a r e  being requested from another  agency concerning 

obta in ing  one. These new r e s u l t s  w i t h  Co(SALDiEN) are more i n  

keeping with t h e  known g r e a t e r  tendency for  t e t r a h e d r a l  formation 

wi th  c o b a l t ( I 1 )  than  with n i c k e l ( I 1 )  as p red ic t ed  by Ligand F i e l d  

Theory. ( N i  (SALDiEN) i s  e s s e n t i a l l y  square p l ana r )  . Support for  

t h i s  observat ion can be found i n  t h e  fac t  t h a t  increas ing  t h e  atom 

chain t h a t  j o i n s  azomethine n i t rogens  on neighboring benzene 

nuc le i  promotes t e t r a h e d r a l  formation f o r  complexes of cobalt (11) 
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b u t  it does not  promote t h i s  behavior concerning complexes of 

n i cke l  (11) (i . e. n i cke l  (11) complexes remain square p l ana r )  . 
Very similar r e s u l t s  have been found concerning Co(SALDAES). 

While t h e  s o l u b i l i t y  of these  m a t e r i a l s  i s  considerably diminished 

over t h e  former, t h e i r  properties and r e a c t i v i t y  are p r e t t y  much 

unchanged and t h e r e f o r e  w i l l  no t  be discussed. 

Complexes wi th  t h e  pentadenta te  l i gand ,  PYDPT, show t h e  

same high r e a c t i v i t y  w i t h  a i r  i n  s o l u t i o n  b u t  a much less t e n a c i t y  

f o r  a i r  i n  t h e  s o l i d  s ta te .  The composition of t h e  i s o l a b l e  

dark red  o r  maroon c r y s t a l s  a s  p red ic t ed  from elemental  a n a l y s i s  

and i n f r a r e d  s p e c t r a  i s  (Co(PYDPT)X)X where X=Cl-, Br- ,  I , 

NO3 , PF6 , SCN- and SeCN-. 

d e r i v a t i v e s  are extremely hygroscopic tu rn ing  syrupy i n  t h e  a i r  

over a twelve hour per iod .  A l l  t h e  materials may be r e c r y s t a l l i z e d  

under n i t rogen .  The magnetic p r o p e r t i e s  of t h e s e  materials a r e  

q u i t e  anion dependent. For poorly coordinat ing anions such a s  

PF 6 

2.3 B.M.).  High s p i n  behavior  i s  observed f o r  t h e  better coord ina t ing  

anions. Those materials which a r e  hygroscopic convert  from high 

- 
- - 

The c h l o r i d e  bromide and n i t r a t e  

- - and I- t h e  complexes appear t o  be  low s p i n  ( i .e.  peff,  - 

t o  low s p i n  upon taking-up w a t e r .  

- i n  vacuo converts  them back t o  high sp in  complexes whereupon 

tak ing  up water they  r e v e r t  t o  low s p i n  materials. Solu t ion  

magnetic measurements v i a  a n.m.r. technique suggests  low sp in  

behaviour f o r  a l l  d e r i v a t i v e s  except SCN- and SeCN-. Spectral 

and conduct iv i ty  d a t a  support  a pseudo-octahedral s t r u c t u r e  f o r  

t hese  ma te r i a l s .  

Redrying t h e  complexes a t  100°C 



-9- 

Fur ther  i n v e s t i g a t i o n  concerning t h e s e  c o b a l t  complexes 

and t h e i r  r e a c t i o n  with molecular oxygen i s  being a c t i v e l y  pursued. 

Future  p l ans  inc lude  extending t h e  s tudy t o  l i gands  of o t h e r  than 

a l i n e a r  a r r a y  of donor atoms and r e i n v e s t i g a t i n g  t h e  known oxygen 

carriers employing e l e c t r o n  s p i n  resonance. 



Pentadentate Ligands I . Nickel (11) Complexes of the 
Linear Schiff Base Ligands Derived From Substituted 
Salicylaldehydes and Diethylenetriamine and Bis(2,2'- 
aminopropyl) amine 

By W. M. Coleman and L. T. Taylor 
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INTRODUCTION 

P e n t a d e n t a t e  l i g a n d s  are  probably  t h e  l eas t  s t u d i e d  of 

t h e  h i g h e r  m u l t i d e n t a t e  c h e l a t i n g  a g e n t s  .l 

types, F i g u r e  1, i n c l u d e  (1) l i n e a r ,  open c h a i n ,  ( 2 )  branched 

The known s t r u c t u r a l  

c h a i n  where t h e  b i f u r c a t i o n  occurs  a t  t h e  donor atom, ( 3 )  a t e t r a -  % G i  4 -  I 
P - \  

d e n t a t e  macrocycl ic  l i g a n d  t o  which i s  a t t a c h e d  a s i d e  c h a i n  con- 

12 t a i n i n g  a f i f t h  donor atom ( i . e .  t h e  l i g a n d  found i n  v i t amin  B 

i s  an example), (4) a . m a c r o ~ y c l i c ~ ’ ~  l i g a n d  i n  which a l l  f i v e  

p o t e n t i a l  donors  are i n  t h e  r i n g  and (5) a “ b a s k e t - l i k e ”  macro- 

c y c l i c  l i g a n d  . The l i n e a r  branched c h a i n  l i g a n d s  have been 4 

i n v e s t i g a t e d  t o  t h e  greatest  e x t e n t  a l though much of  t h i s  work 

i s  found i n  t h e  o l d e r  chemical  l i t e r a t u r e .  

r e c e n t l y  r e i n v e s t i g a t e d  t h e  metal complexes of t h e  p e n t a d e n t a t e  

Sacconi’ h a s  

l i g a n d  d e r i v e d  from s a l i c y l a l d e h y d e  and b i s  ( 3  , 3 ’ -aminopropyl) - 
amine and h a s  shown them t o  be high-spin f i v e  c o o r d i n a t e .  we 

wish t o  r e p o r t  h e r e  o u r  r e s u l t s  concerning t h e  n i c k e l  complexes 

of t h e  p e n t a d e n t a t e  l i g a n d s  d e r i v e d  from v a r i o u s  s u b s t i t u t e d  

1. H. A .  Godwin, “Che la t ing  Agents and Metal C h e l a t e s ” ,  F .  D. 
Dwyer and D. P. Me l lo r ,  eds . ,  Academic P r e s s ,  New York, 1964, 
p. 167.  

2.  J. D. Curry and D. H. Busch, J. A m e r .  Chem. SOC. , _. 86,  592 (1964).  

3 .  S.  M. Nelson, P. Bryan, and D. H. BUS&, Chem. Comm., 641(1966) .  

4. V. K a t o v i c ’ ,  L. T .  Taylor  and D. H. Busch, J. A m e r .  Chem. Soc., - 91, 2122  (1969) .  

5 .  L. Sacconi  and I. B e r t i n i ,  J. A m e r .  Chem. SOC., 88, 5180 (1966) .  

s a l i c y l a l d e h y d e s  and d i e t h y l e n e t r i a m i n e ,  s t r u c t u r e  I a ,  h e r e a f t e r  
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referred t o  a s  H2XSALDIEN. 

X = 5-E, 5 - B r ,  5-CH3, 3-CH30, 3-(CH3I2CFI 

la, n = 2 Z = N-H 
Z = N-H b, in = 3 
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EXPERIMENTAL 

Materials.--Diethylenetriamine(DIEN) and salicylaldehyde(SAL) 

were obtained from The Aldrich Chemical Company, Milwaukee, 

Wisconsin and used without further purification. Technical grade 

3-methoxysalicylaldehyde (p-vanillin), also from Aldrich Chemical 

Compmy, was recrystallized from 95% ethanol in the presence of 

! 

decolorizing charcohl. 

reagent grade or equivalent. 

All other chemicals and solvents were of 

5-Bromosalicylaldehyde was prepared by adding bromine to 

an equivalent amount of a cold solution of salicylaldehyde dissolved 

in glacial acetic acid. White crystals were obtained upon 

recrystallizing the crude product from ethanol-water (60:40). 

5-Methylsalicylaldehyde was prepared by a modification of the 

Reimer-Tieman' reaction employing p-cresol and chloroform in a 

highly alkaline medium. 3-Isopropylsalicylaldehyde was prepared 

according to the general procedure of the Duff7 reaction starting 

with o-isopropylphenol. The bis(salicylaldehydo)nickel(II) 

6. L. F. Fieser and M. Fieser, "Advanced Organic Chemistry", 
Reinhold Publishing Corporation, New York, 1961, p. 824. 

7. J. C. Duff, J. Chem. SOC., 547 (1941). 

complexes were obtained as green hydrated solids following the 

method of Holm. 8 

................................................................. 
8. R ,  H. Holm, J. Amer. Chem. SO~., 83, 4683 (1961). 
................................................................. 

Uncomplexed pentadentate ligands were prepared by adding 
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one molecular  e q u i v a l e n t  of D I E N  t o  two molecular  e q u i v a l e n t s  of 

S A L  d i s s o l v e d  i n  absolu te  e t h a n o l  a t  room tempera ture .  A f t e r  

s t i r r i n g  f o r  1 5  minutes ,  t h e  volume of the s o l u t i o n  w a s  reduced 

u n t i l  o n l y  an o i l  remained which was i d e n t i f i e d  v i a  n.m.r. and 

i n f r a r e d  a n a l y s i s  as s l i g h t l y  impure H2XSALDiEIJ. 
I 

P r e p a r a t i o n  of  N i  (5-HSALDiEN) .--Ni ( S A L )  2 ' 2 H 2 0  (3  -37 g 

0 -01 mole) w a s  sus i ended  i n  200 m l  of a b s o l u t e  e t h a n o l .  The 

suspens ion  w a s  b rough t  t o  r e f l u x  wi th  s t i r r i n g  and DiEN(1.03 g ,  

0.01 mole) d i s s o l v e d  i n  a s m a l l  amount of e t h a n o l  w a s  added a l l  

a t  once.  The c o l o r  of t h e  s o l u t i o n  t u r n e d  da rk  red-brown as t h e  

green  s o l i d  q u i c k l y  d i sappea red .  The r e a c t i o n  mix tu re  w a s  r e f l u x e d  

f o r  t h r e e  hours .  Upon a l lowing  t h e  f l a sk  t o  come t o  room tempera- 

t u r e ,  yel low n e e d l e s  w e r e  p r e c i p L t a t e d  which w e r e  f i l t e r e d ,  

washed w i t h  e t h e r  and d r i e d  - i n  -I vacuo a t  100°C f o r  1 2  h r s .  

m a t e r i a l  could  be i s o l a t e d  from t h e  f i l t r a t e  by  c o o l i n g  o v e r n i g h t  

More 

(5OC) 0 

P r e p x a t i o n  of N i  (5-BrSALDiEN) .--Ni (5-BrSAL) * 2 H 2 0  (4.95 g ,  
2 

0.01 mole) w a s  suspended i n  a b s o l u t e  e t h a n o l  and b rough t  t o  

r e f l u x  w i t h  s t i r r i n g .  D i E N  (1.03 g ,  0.01 mole) d i s s o l v e d  i n  a 

smal l  amount of e t h a n o l  w a s  added i n  one a d d i t i o n .  An orange-red 

s o l u t i o n  formed a lmost  immediately.  A f t e r  r e f l u x i n g  f o r  one hour ,  

an orange prec ip i ta te  formed which w a s  i s o l a t e d  and d r i e d  as 

d e s c r i b e d  above, 

P r e p a r a t i o n  of ( N i  (5-MeSALDiEN) b 2 & - - T o  a r e f l u x i n g  

suspens ion  of Ni(5-MeSAL)2*2H20 (2.76 g ,  0.0075 mole) i n  125 ml. 

of a b s o l u t e  e t h a n o l  w a s  added i n  an a d d i t i o n  DiEN(0.77 g ,  0.0075 
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' mole) d i s so lved  i n  a small  amount of e thano l .  No immediate c o l o r  

change was not iced .  Upm r e f l u x i n g  f o r  t h r e e  hours ,  t h e  c o l o r  

of  t h e  s o l u t i o n  g radua l ly  changed from l i g h t  green t o  orange with 

d i s s o l u t i o n  of t h e  green s o l i d .  Refluxing was cont inued f o r  s i x  

more h r s .  a f t e r  which t h e  r e a c t i o n  mixture was allowed t o  come 

t o  room tempcrature ,  Orange c r y s t a l s  formed which were i s o l a t e d  

and d r i e d  a s  descri 'ped a b v e ,  

P repa ra t ion  of Ni(3-MeOSALDiEN) .--Ni (3-MeOSfiL) 2*2H20(3.99 g ,  

0.008 mole) was suspended i n  125 m l  of abso lu t e  e thanol  and brought 

t o  r e f l u x  with s t i r r i n g .  DiEN(0.82 g, 0.008 mole) i n  a small  

amount: of e thano l  was added t o  t h e  suspension i n  one a d d i t i o n .  

The green s o l i d  qu ick ly  disappeared and a dark  red-brown s o l u t i o n  

developed. The s o l u t i o n  was r e f luxed  f o r  3.5 h r s .  then  cooled 

overn ight  (5OC). A yellow s o l i d  p r e c i p i t a t e d  which w a s  i s o l a t e d  

and d r i e d  a s  p rev ious ly  descr ibed .  

P repa ra t ion  of N i  (3-i-PropylSALDiEN) . - -Ni  (3-i-PropylSAL) * 2 
2H20 (12.75 g ,  0.03 mole) was suspended t o  100 m l ,  of ethanol-water 

(60:40) and brought t o  r e f l u x  wi th  s t i r r i n g ,  DiEN(3.08 g ,  0.03 

mole) d i sso lved  i n  a small  amount of e thanol  was added i n  one 

a d d i t i o n ,  The s o l u t i o n  immediately turned  dark red  brown a s  t h e  

bis (3-isopropylsalicylaldehydo) n i c k e l  (11) complex d isso lved .  The 

s o l u t i o n  was re f luxed  f o r  two h r s .  and then cooled overn ight  (5O) 

whereupon an orange-brown p r e c i p i t a t e  appeared. This  product  was 

f i l t e r e d  and d r i e d  a s  descr ibed  above. 

P repa ra t ion  of t h e  Pyr id ine  Adduct of Ni(5-BrSALDiEN) - .-- 
Ni(5-BrSALDiEN) (1.0 g ,  0.0019 mole) was suspended i n  50 m l .  of 
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spec t rograde  p y r i d i n e  and t h e  r e s u l t i n g  [mixture was r e f luxed  f o r  

two h r s .  The compound d isso lved  i n  p y r i d i n e  on hea t ing .  The 

s o l u t i o n  was then  allowed t o  come t o  room temperature  whereby 

a green  powder was p r e c i p i t a t e d .  

I 

The m a t e r i a l  was f i l t e r e d  and 

d r i e d  a t  room temperature  and atmospherfc p r e s s u r e  over KOH i n  a 

py r id ine  atmosphere. 

P repa ra t ion  of  Ni(SALDiPN) .--Ni(SAL)2-2H20 (10.1 g ,  0.03 

mole) was suspended i n  100 m l  of a b s o l u t e  e thanol  and brought t o  

r e f l u x  w i t h  s t i r r i n g .  To t h i s  suspension D i P N  (3.93) g ,  0.03 mole) 9 

................................................................ 
9. D i P N ,  t h e  abbrev ia t ion  f o r  bis(2,2'-aminoprypyl)-amine 

................................................................. 
i n  a l i t t l e  e thanol  was added i n  one a d d i t i o n .  The s o l u t i o n  

became orange i n  c o l o r  immediately followed by p r e c i p i t a t i o n  of 

a yellow-orange m a t e r i a l ,  Refluxing w a s  cont inued f o r  1 .5  h r s ,  

The r e a c t i o n  m a t e r i a l  was allowed t o  come t o  room temperature  

a f t e r  which t h e  m a t e r i a l  was f i l t e r e d  and d r i e d  - i n  vacuo a t  100°C 

f o r  1 2  h r s .  

Phys ica l  Measurements.--Infrared s p e c t r a  were obta ined  i n  

t h e  region 5000-400 cm'l us ing  a Perkin-Elmer Model 621 spec t ro-  

photometer. S o l i d  skate s p e c t r a  were recorded a s  K B r  p e l l e t s  

and a s  Nujol o r  hexachlorobutadiene mulls ,  So lu t ion  s p e c t r a  

were taken i n  s p e c t r o q u a l i t y  s o l v e n t s  using matched s o l u t i o n  

cel ls .  Ultraviolet-visible-near i n f r a r e d  s p e c t r a  w e r e  ob ta ined  

w i t h  a Cary 14  record ing  spectrophotometer.  Spec t ra  of s o l i d  

samples were obtained b y  a d i f f u s e  t r ansmi t t ance  technique 

employing Nujol m u l l s  impregnated on Whatman N o .  1 f i l t e r  paper.  

10 



-8- 

10. R.  H. Lee, E. Griswold and  J. K. Kleinberg,  Inorg.  Chem., 
- 3 ,  1 2 7 8  (1964). 

So lu t ion  s p e c t r a  were obtained u t i l i z i n g  s p e c t r o q u a l i t y  organic  

s o l v e n t s .  

Magnetic s u s c e p t i b i l i t y  measurements on s o l i d  samples were 

obta ined  by t h e  Faraday method. 

w e r e  determined by an 'n .m.r .  method using a Varian A60 spec t ro-  

meter. Diamagnetic c o r r e c t i o n s  w e r e  made employing P a s c a l ' s  

So lu t ion  magnetic measurements 
11 

--------------------__________________I_------------------------- 

11. D. R ,  Evans, J. Chem. SOC., 2003 (1959). 

................................................................. 
S p e c i a l  coax ia l  c e l l s  with precision spacing of t h e  1 2  c o n s t a n t s  . 

1 2 .  B. N. F i g g i s  and J. Lewis ,  "Modern Coordinat ion Chemistry", 
J. L e w i s  and R. J. Wilkins ,  Eds., I n t e r s c i e n c e  Pub l i she r s ,  
I n c . ,  New York, N. Y., 1960. 

i n n e r  tube  (Wilmad G l a s s  Co. )  were used. Measurements were 

performed a t  10°C and 2OoC using a Varian Model V6040 NMR v a r i a b l e  

temperature  c o n t r o l l e r  . 
Mass s p e c t r a  were obta ined  on a Hitachi-Perkin-Elmer M U - 7  

double focusing mass spectrometer  using a s o l i d  i n l e t  probe. The 

s o l i d  probe temperature was maintained a t  a va lue  t o  prevent  

decomposition of t h e  samples. The source temperature was main- 

t a i n e d  a t  approximately the temperature of t h e  s o l i d  probe. 

Analyzer tube and i o n  source p r e s s u r e s  of less than 10  t o r r  

were employed. Where necessary mass t o  charge r a t i o s  were 

c a l i b r a t e d  w i t h  perEluorokerosene. 

-6 
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Elemental analyses were performed by Galbrai-th Microanalytical 

Laboratory,.Knoxville, Tennessee and in this laboratory using 

a Perkin-Elmer Model 240 C, H & N Analyzer. 

RESULTS AND DISCUSSION 

Complexes of the following composition, Ni(XSALDiEN) , 

have been isolated except for' the 5-methyl derivative which con- 

tains a water molecule of hydration. Analytical data supporting 

the elemental composition of these materials is shown in Table I. 

Several preparative procedures have been successfully employed 

which include (1) treating the pre-formed ligand in -- situ with 

nickel(I1) acetate 4-hydrate, (2) a metal template reaction 

of the appropriately substituted bis(salicylaldehydo)nickel(II) 

complex with DiEN and ( 3 )  reacting the previously isolated 

ligand with nickel (11) acetate 4-hydrate. 
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In each case the resulting neutral Aomplexes are golden yellow 

in appearance being partially soldble in methanol, ethanol, water 

and dimethylsulfoxide and insoluble in methylene chloride, 

N,N-dimethylfOrmami.de, acetonitrile and 1,2-dimethoxyethane. Over 

a period of one day at room temperature they dissolve in pyridine; 

whereas, they are immediately soluble in hot pyridine. Melting 

with decomposition around 2OO0C indicates the products are 

relatively thermally stable. 

A complex of analogous composition and properties was also 

prepared by substituting bis(2,2'-aminopropyl)anine for diethylene- 

triamine in its reaction with bis(salidylaldehydo)nickel(II) 

complexes. The color, solubility, thermal properties and general 

features of this compound were similar to Ni(XSALDiEN) . 
This material shall be referred to as Ni(SALDiPN) , structure 

11. 

C = N  - CH - CH2 - N - CH2 - 
I I 

H CH3 
H2SALDiPN 

STRUCTURE I1 

Positive ion mass spectra were determined under the least 

severe conditions that would allow an interpretable spectrum 

(i .e. minimum temperature and electron energy) . Only Ni (5-HSALDiEN) , 
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TABLE I 

Analytical Data for the Nickel Complexes 

Analyses 

H - C Compound - 
Ni (5-HSALDiEN) 

Ni (5-BrSALDiEN) 

Calcd. 58.89 4.95 
Found 58.72 5.26 

Calcd. 41.11 3.26 
Found 40.98 3.17 

(Ni (5-MeSALDiEN) (H20) Calcd. 57.97 6.04 
Found 57.71 6.04 

Ni (3-MeOSALDiEN) Calcd. 56.10 5.43 
Found 55.81 5.50 

Ni (3-i-PropylSALDiEN) Calcd, 63.73 6.92 
Found 63.23 6.26 

Ni (SALDiPN) Calcd. 60.63 5-86 
Found 60.51 5.72 

(Ni (5-BrSALDiEN) (py)) Calcd . 45.43 4.15 
Found 45.62 3.64 

N - 
11.45 
11.19 

7.99 
7.72 

10.14 
9.66 

9.82 
9.90 

9.29 
9.31 

10.61 
10.41 

9-22 
9.26 
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( N i  (5-MeSALDiEN)) - H 2 0  and N i  (SALDiPN)  gave r e l a t i v e l y  i n t e n s e  

peaks corresponding t o  t h e  p a r e n t  i o n ,  The i s o t o p i c  c l u s t e r  

f o r  each p a r e n t  ion  i s  shown i n  TABLE 11. The o t h e r  d e r i v a t i v e s  

pro5ably have a ver'y low vapor pressure and hence could n o t  be 

transformed i n t o  t h e  gas  phase except  wi th  cons iderable  decom- 

pDsi t ion ,  The m a s s  s p e c t r a  of most d e r i v a t i v e s  show a peak 

c o r r e s p m d i n g  t o  t h e  p a r e n t  ion  minus t h e  n i c k e l  atom. Frag- 

mentation p a t t e r n s  t h a t  would be expected from t h e  b a s i c  l i gand  

s t r u c t u r e  are observed i n  a l l  t h e  mass s p e c t r a .  The m a s s  s p e c t r a  

w e r e  measured above t h e  b a s i c  molecular ion  t o  t h e  m/e va lue  

expected fo r  t h e  dimer b u t  no such peak was observed which 

sugges ts  t h e  complexes are e s s e n t i a l l y  monomeric i n  t h e  gas  

phase r a t h e r  than  dimeric  as has  been p o s t u l a t e d  f o r  some 

Sch i f f  b a s e  complexes, I n s u f f i c i e n t  s o l u b i l i t y  i n  a s u i t a b l e  13 

so lven t  precluded a molecular weight de te rmina t ion  i n  s o l u t i o n .  

13.  E.  P. Dudek, E ,  Chaffee and G, Dudek, Inorg.  Chem., 3, 
1278 (1964). 

I n f r a r e d  s p e c t r a  were obta ined  both  as Nujol and hexachloro- 

bu tad iene  mulls and as KBr p e l l e t s  on t h e  complexes and f r e e  

l i gands .  The major bands found i n  t h e  in f r a red  s p e c t r a  of 

N i  (5-BrSALDiEN) and t h e  corresponding free l igand  a r e  

shown i n  Table 111. A cons iderable  s h i f t  t o  lower energy i s  

observed i n  t h e  C=N s t r e t c h i n g  frequency upDn complexation with 

n i c k e l  which sugges ts  t h e  i m i n e  n i t rogen  atoms a r e  coordinated.  

Only t h e  5-methyl d e r i v a t i v e  e x h i b i t s  r e l a t i v e l y  i n t e n s e  
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TABLE I1 

C oinpsund 

Mass S p e c t r a l  Data on t h e  Complexesa 

Molecular  
Formula 

Ni (5-HSALDiEN) C18H1 9N302Ni 

Isotopic 
C l u s t e r  

367 , 369 

N i  (5-MeSALDiEN) C20H23N302Ni 395 , 397 

N i  (SALDiPN) C20H23N302Ni 395,397 
1 

Isotope p a t t e r n s  f o r  C I 3  w e r e  observed f o r  t h e s e  complexes b u t  
are n o t  i nc luded  h e r e ,  

a 

TABLE I11 

I n f r a r e d  Date  ( c m - l )  on N i  (5-BrSALDiEN) and 

P ro tona ted  5-BrSALDiENa 

Assiqnment F r e e  Ligand 

N-H str.  3305 vw, s h  

Complex 

3150 vw,b 

1630 s , s h  1595 s , s h  C=N str. 

C-H bend 825 s , s h  
(aromatic nuc leus )  

795 s , s h  

a Abbrevia t ions :  v = v e r y ,  w = weak, s = s t r o n g ,  s h  = s h a r p ,  
b = broad  
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-1 a b s o r p t i o n  i n  t h e  3700-3100 c m  r eg ion . ’  T h i s  has  been a t t r i -  

bu ted  t o  t h e  O-H symmetric and asymmetric s t r e t c h i n g  modes of  

water. The broadness  of  t h i s  a b s o r p t i o n  i n d i c a t e s  t h e  w a t e r  i s  

n o t  coord ina ted .  

A band a s s i g n a b l e  t o  a secondary ni t royen-hydrogen 

s t r e t c h i n g  v i b r a t i o n a l  mode could  n o t  be c o n c l u s i v e l y  found i n  

t h e  i n f r a r e d  spectra of most of  the  complexes. A weak b road  

band c e n t e r e d  a t  3150 c m - l  w a s  observed i n  t h e  Nujo l  s p e c t r u m  of 

N i  (5-BrSALDiEN) I S e v e r a l  of t h e  d e r i v a t i v e s  i n  v a r i o u s  s o l v e n t s  

i n c l u d i n g  p y r i d i n e  showed no meaningful a b s o r p t i o n  i n  t h e  r e g i o n  

Of i n t e r e s t .  The spectrum of Ni(HSALDiEN) i n  p y r i d i n e  w a s  I 

i n v e s t i g a t e d  q u i t e  c l o s e l y  i n .  an u n s u c c e s s f u l  e f f o r t  t o  f i n d  an 

N-H s t r e t c h i n g  mode. 

r e p o r t e d  a band around 3450 cm’l i n  t h e  spsc t rum of a p y r i d i n e  

Langenbeck and coworkers1* had ear l ie r  

14. W. Langenbeck, M I  August in ,  and H I  ‘J. Ker r innes ,  J. P r a k t ,  
Chem., 3, 130 (1963) .  

s o l u t i o n  of N i ( H S A L D i E N )  and had a s s igned  t h e  a b s o r p t i o n  t o  a 

N-H s t r e t c h i n g  mode. W e  have r epea ted  t h i s  experiment  a number 

of t i m e s  and b e l i e v e  t h i s  band i s  c h a r a c t e r i s t i c  of s p e c t r o g r a d e  

p y r i d i n e .  I n  f ac t ,  t h e  i n f r a r e d  spectrum of p y r i d i n e  shows an 

i d e n t i c a l l y  pDsi t ioned  band. T h i s  assumption i s  suppor t ed  b y  

t h e  obse rva t ion15  t h a t  secondary a l i p h a t i c  amines u s u a l l y  

15 ,  R. T .  Conley, “ I n f r a r e d  Spec t roscopy” ,  Al lyn  and Bacon,Lnc., 
Boston,  Mass.,1966. 

absorb weakly i n  t h e  range 3350-3310 ern-'. D e u t e r a t i o n  i n  
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s l i g h t l y  basic D 0 again revea led  no bands i n  t h e  a n t i c i p a t e d  

N-D s t r e t c h i n g  reg ion .  
2 

Free l i g a n d s  w e r e  prepared f o r  most of t h e  d e r i v a t i v e s  

although only t h e  bromo-derivative showed a band i n  t h e  reg ion  

of i n t e r e s t  a s s ignab le  t o  a N-Ii s t r e t c h i n g  mode. Never the less ,  

a l l  f r e e  l i g a n d s  gave e s s e n t i a l l y  i d e n k i c a l  n.m.r. s p e c t r a  except  

f o r  those  reg ions  which can be a t t r i b u t e d  t o  t h e  presence of 

va r ious  f u n c t i o n a l  groups l o c a t e d  a t  e i t h e r  t h e  3 o r  5 p o s i t i o n  

on t h e  benzene r i n g .  I n  every case  t h e  n,m,r. s p e c t r a  are con- 

s i s t e n t  w i th  s t r u c t u r e  La. 

These obse rva t ions  concerning t h e  f ree  l igands  and t h e  

n e u t r a l  complexes a r e  c o n s i s t e n t  with t h e  secondary amine 

p a r t i c i p a t i n g  i n  hydrogen bonding. I n f r a r e d  measurements on 

var ious  concen t r a t ions  of f r e e  l i g a n d  and complex suggest  i n t r a -  

molecular type hydrogen bonding. The absence of a sharp  N-H 

s t r e t c h i n g  band i n  t h e  complex i n d i c a t e s  t h a t  t h e  secondary 

n i t rogen  i s  perhaps n o t  coordinated t o  t h e  n i c k e l  i on .  16 

16. K. Nakamato, " I n f r a r e d  Spec t r a  of Inorganic  and Coordination 
Compounds", John Wiley and Sons, Inc . ,  New York, N.  Y . ,  1963.  

Magnetic s u s c e p t i b i l i t i e s  f o r  N i  (XSATDiEN) and N i  (SALDiPN)  

were determined by  t h e  Faraday method and t h e s e  r e s u l t s  a r e  pre-  

sen ted  i n  TABLE I V .  The magnetic moments a r e  h i q h e r  than  would 

b e  p r e d i c t e d  for a l o w  s p i n  d8 n i c k e l  complex. Even i f  one 

1 7 .  B. N .  F i g g i s ,  " In t roduc t ion  t o  Ligand F i e l d s " ,  I n t e r s c i e n c e  
Pub l i she r s  , New York, 1968 (. 
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allows f o r  t h e  c o n t r i b u t i o n  made b y  tempera ture  independent  

paramagnetism and t h e  i n h e r e n t  error i n  t r y i n g  t o  correct  f o r  

d iamagnet ic  s u s c e p t i b i l i t i e s ,  t h e  moments a re  t o o  h igh  t o  

c o n s i d e r  t h e  compunds  comple te ly  d iamagnet ic ,  Om t h e  o t h e r  

hand t h e  moments are lower t h a n  would be expected f o r  h i g h  s p i n  

n i c k e l ( I I ) ,  S e v e r a l  mechanisms may give r i se  t o  t h e s e  anomalous 

moments. F i r s t ,  t h e  complexes may be e s s e n t i a l l y  d iamagnet ic  

low s p i n  ones t h a t  ar& contaminated wi th  (o r  i n  e q u i l i b r i u m  wi th )  

a small  p e r c e n t a g e  of some high-sp in  species ( i , e ,  a l o w  s p i n  

square p l a n a r  o r  f i v e  c o o r d i n a t e  material w i t h  a sma l l  f r a c t i o n  

of a h igh  s p i n  o c t a h e d r a l ,  squa re  planar, t e t r a h e d r a l  or  f i v e  

c o o r d i n a t e  complex) , Precedence f o r .  such behav io r  i s  

18, B. T. Kilbourn ,  H. M. Powell  and F.  A.  C .  Darbyshi re ,  Proc.  
Chem. SOC., 207 (1963) .  

19 .  R. H. Holm and K. Sawaminathan, Inorg .  Chem., 2, 181 (1963).  

20. L .  Sacconi ,  ' 'T rans i t i on  Metal Chemistry" ,  R.  L .  C a r l i n ,  
ed. ,  V o l .  4 ,  Marcel Dekker, Inc. ,  New York, 1968. 

known. Secondly,  a s p i n  s t a t e  i s o m e r i s m 2 '  between s i n g l e t  and 

21. S. M. Nelson and 14. S .  F, Kel l ey ,  Chem. Corn., 436 (1968) ; 
E .  K. B a r e f i e l d ,  S. M. Nelson and 11. H. Busch, Q u a r t e r l y  
Revs., 22, 457 (1968) . 

t r i p l e t  s ta tes  for  a pseudo-square p l a n a r  complex may be envis -  

ioned .  I n  o t h e r  words two energy l e v e l s  of d i f f e r e n t  m u l t i p l - i c i t y  

a r e  p o s i t i o n e d  w i t h i n  kT of each o t h e r  ( i , e ,  t h e  complex i s  

nea r  t h e  "magne t i c  c ross -over  p o i n t " )  whereby popu la t ion  of b o t h  



-17- 

I 

. s t a t e s  becomes p robab le .  The l a t t e r  r a t i o n a l i z a t i o n  i s  q u i t e  
22  t e n a b l e  i n  i i g h t  of t h e  f a c t  t h a t  it has been  shown t h a t  i n c r e a s -  

i n g  t h e  carbon c h a i n  t h a t  j o i n s  S c h i f f  base imine n i t r o g e n  atoms 

s imul t aneous ly  weakkns t h e  in-p lane  l i g a n d  f i e l d .  

properties of t h e  complexes a s  a f u n c t i o n  of t empera tu re  are 

p r e s e n t l y  be ing  s t u d i e d  i n  d e t a i l  i n  o r d e r  t o  t e s t  t h i s  h y p o t h e s i s ,  

The magnet ic  

Magnetic s u s c e p t i b i l i t i e s  on N i  (5-BrSALDiEM) and N i  (3-MeOSALDiEN) 

i n  p y r i d i n e  show t h e  complexes t o  be f u l l y  paramagnet ic  h igh-sp in  

n i c k e l ( I 1 )  compounds, TABLE V. The change i n  s p i n  s t a t e  p robab ly  

arises from p y r i d i n e  c o o r d i n a t i n g  t o  t h e  complex i n  one o r  b o t h  

a x i a l  p o s i t i o n s .  The magnet ic  s u s c e p t i b i l i t i e s  a re  s l i g h t l y  

dependent on b o t h  c o n c e n t r a t i o n  and tempera ture  w i t h i n  e x p e r i -  

mental  error.  An e q u i l i b r i u m  such as follows which l i e s  almost 

e n t i r e l y  t o  t h e  r i g h t  may account  f o r  t h e s e  o b s e r v a t i o n s .  The 

s o l u b i l i t y  of N i ( S A L D i P N )  i n  p y r i d i n e  w a s  no-t s u f f i c i e n t  f o r  a 

magnetic s u s c e p t i b i l i t y  measurement. 

Ni(XSALDiEN) + n py ,- ( N i  (XSALDiEN) (py) n) 

= 3.0 B.M. tUeff .  fleff. = 1.0 B.M. 

A p a l e  g r e e n  p y r i d i n e  adduct  h a s  been i s o l a t e d  which r e t a i n s  

p y r i d i n e  up t o  1 0 0 ° C  a t  reduced p r e s s u r e .  

are  i n  agreement wi th  t h e  composi t ion,  ( N i  (5-BrSALDiEN) (py)) 

The mono-pyridinate h a s  a m a g n e t i c  moment t y p i c a l  of pseudo- 

o c t a h e d r a l  n i c k e l .  V i s i b l e  s p e c t r a  i n  Nujol  and chloroform 

Elemental  a n a l y s e s  

. 
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I 

I 
TABLE I V  

Room T e m p s a t u r e  Magnetic D a t a  on t h e  Nicke l  Complexes 
a tb  i n  t h e  S o l i d  S t a t e  

Compound 

N i  (5-HSALDIEN) 

N i  (5-BrSALDIEN) 

N i  (3  -MEOSALDIEN) 

N i  (5-MeSALDIEN) ( H 2 0 )  

N i  (3-i-PropylSALDIEN) 

N i  (SALDIPN) 

N i  (5-BrSALDIEN) (py) 

6 'Xm x 10 

270.5-234.3 

797.1-480.1 

449.9-330.6 

633.7-384.5 

844.3-797.8 

1044.2-527.7 

4659.2-4410.8 

(B .M.) %ff. 

0.80-0.75 

1.40-1.08 

1.05-0.90 

1 - 24-0.97 

1.42-1.39 

1.59-1.13 

3.34-3.25 

a Magnetic s u s c e p t i b i l i t i e s  are c o r r e c t e d  f o r  d iamagnet ic  l i g a n d s .  

'Magnetic s u s c e p t i b i l i t i e s  show a s l i g h t  i n v e r s e  dependence on f i e l d  
s t r e n g t h .  The numbers r e p o r t e d  cor respond t o  themaximum and 
minimum v a l u e s  measured a t  f o u r  d i f f e r e n t  f i e l d  s t r e n g t h s  ranging  
from 6800 gauss  t o  11,800 gauss .  

C D u p l i c a t e  measurements on independen t ly  p repa red  s a n p l e s .  
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TABLE V 

I 
i 

Magnetic Data on t h e  Nickel Complexes i n  Pyr id ine  

(B.M.) m l )  p e f f .  
0 Compound Temperature C Conc. (q/ 

N i  (5-BrSALDIEN) 26 
20 
10  
26 

N i  (3-MeOSALDiEN) 20 
10  
20 
10  

0,0378 
0.0129 
0,0129 
0.0110 

0.0162 
0 -0162 

0.0131. 
0.0131. 

2-86 
2-98 
3-07 
2.84 

2.84 
2.90 
2.98 
2.90 



-20- 

TABLE VI 

Electronic Absorption Spectra (cm-l) of the 
Nickel Complexes 

Compound 

Ni (5-HSALDIEN) 

(Ni (5-MeSALDIEN) ) *H20 

Ni (5-BrSALDIEN) 

Ni (3-MEOSALDIEN) 

Ni (3-i-PropylSALDIEN) 

Ni (SALDIPN) 

(Ni (5-BrSALDIEN) (py)) 

Ni (SALEN) 

Ni (SALOPHEN) 

Medium 

Nujol 
Methanol 
Pyridine 

Xujol 
Methanol 
Pyridine 

Nuj 01 
Methanol 
Pyridine 

Nuj 01 
Methanol 
Pyridine 

Nuj ol 

Nuj 01 
Methanol 
Pyridine 

Nujol 
Chloroform 

Nu3 ol 

Nujol 

a,b Band Maxima 

23,260;30,770; 
26,320 (7120) ; 30,300 
10,870(17.9) ; 25,970(7100) ; 
31,500 (5200) 

23,260; 24,940; 30,130 
25,320 (5630) : 30,130 (13,300) 
10,360(24.7); 25,000 (4950) ; 
30,300(3900) 

23,030; 30,680 
25,640(8270) ; 30,537(8770) 
10,204(69.7): 18,200(18,8) ; 
25,0O0(7170) ; 30,540(5580) 

22,730, 30,000 
25,640(2700) : 30,300(12130) 
10,846(9.9); 12,550(5.2) ; 
17,620(9.2); 21,570(3240) 

25,310; 30,300 

23,670; 24,840; 30,540 
25,970 (4100) ; 30,540 (9700) 
12,200(404) ; 14,290(70.8) ; 
19,23O(606) ; 25,640(3640) 

11,630 vb; 18,500; 24,390 
11,630 vb(70); 18,520(100); 
25,970 (7300) 

19,610; 23,530; 30,300 

18,020; 19,610; 26,320 

%umbers in parenthesis are molar extinction coefficients 

bAbbreviations: v = very, b = broad 
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support  t h i s  conten t ion .  

may be assigned i n  Oh symmetry t o  t h e  t r a n s i t i o n s  3T 

and 3T (F) 4-, 3A2g r e s p e c t i v e l y .  S u r p r i s i n g l y  t h e  i n f r a r e d  

s p e c t r a  of t h e  p y r i d i n e  adduct shows an  N-H s t r e t c h i n g  mode. The 

p o s i t i o n  of t h i s  band i s  s h i f t e d  approximately 35 c m - l  t o  

lower energy r e l a t i v e  t o  t h e  f r e e  l i gand .  It i s  tempting t o  

suggest  t h e  pseudo-octahedral s t r u c t u r e  i n  t h e  s o l i d  s t a t e  i s  

The bands a t  11,630 c m - l  and 18,520 c m - l  

3A2g 2g  

19 

! 

i 
I 

achieved by coord ina t ion  of t h e  secondary n i t rogen  and one p y r i d i n e  

moiety a t  t h e  a x i a l  s i tes  r a t h e r  than bo th  sites being f i l l e d  

by  p y r i d i n e  molecules. 

I n  t h e  s o l i d  s t a t e  spectra of N i ( S A L D i P N )  and N i ( X S A L D i E N )  

TABLE VI. t w o  bands are observed: 

Both bands are t e n t a t i v e l y  assigned a s  spin-allowed charge 

23,000 c m - l  and 30,500 c m - l .  

t r a n s f e r  t r a n s i t i o n s .  The band a t  23,000 cm'l i s  i n  t h e  reg ion  

where d-d t r a n s i t i o n s  p e c u l i a r  t o  square p l a n a r  n i c k e l  (11) a r e  

found b u t  o t h e r  obse rva t ions  r u l e  a g a i n s t  t h i s  assignment. F i r s t ,  

square p l ana r22  N i  (SALEN) 23 has i t s  d-d t r a n s i t i o n  l o c a t e d  around 

--------------------_____________l____l_------------------------- 

23. SALEN i s  N , N  bis(salicylidene)-1,2-diaminoethane. 

................................................................. 
19,000 cm'l. 

d-d t r a n s i t i o n  should be of comparable o r  lower energy s i n c e  

lengthening t h e  chain j o i n i n g  t h e  imine n i t rogen  atoms i s  

known t o  reduce t h e  d-d t r a n s i t i o n  energy. Secondly, t h e  s o l i d  

s t a t e  spectrum of 5-BrSALDiEN shows a band around 23,000 cm-'. 

Th i rd ly ,  t h e  e x t i n c t i o n  c o e f f i c i e n t s  i n  methanol for t h e s e  bands 

I f  N i ( X S A L D i E B )  i s  i n  f a c t  square p l a n a r ,  i t s  
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are much too  l a r g e  t o  have a r i sen  from a d-d t r a n s i t i o n .  W e ,  

t h e r e f o r e  conclude t h a t  t h e  band of  i n t e r e s t  i s  c h a r a c t e r i s t i c  

of t h e  l i gand  and i s  n o t  a d-d t r a n s i t i o n .  The complexes are prob- 

ab ly  

t h e  r e l a t i v e l y  l o w  energy charge t r ans fe r  band. 

square p l a n a r  b u t  t h e  d-d t r a n s i t i o n  i s  masked because of 

A change i n  coord ina t ion  number when t h e  complexes are 

placed i n  p y r i d i n e  is- f u r t h e r  cor robora ted  by t h e  appearance of 

a new broad band i n  t h e  10,500 cm-' r eg ion  for  N i ( X S A L D i E N )  and 

a t  12 ,000  cm-' f o r  N i ( S , 9 L D i P N ) .  

p l exes  i n  p y r i d i n e  and (Ni(5-BrSALDiEN) (py)) i n  t h e  s o l i d  s t a t e  

co inc ide  q u i t e  w e l l  except  f o r  s l i g h t  s h i f t s  i n  t h e  band maxima. 

The v i s i b l e  s p e c t r a  of t h e  com- 

A comparison of t h e  behavior  i n  p y r i d i n e  of Ni(SALEN) 

and Ni(SAL0PHEN) with Ni(XSALDiEN) S t r u c t u r e s  111-V. r e v e a l s  t h e  

I11 

V 
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fo l lowing  p o i n t s .  The  former two complexes have been shown t o  b e  

n e a r l y  p l a n a r  and diamagnetic i n  t h e  s o l i d  s t a t e .  2 2  

i n  p y r i d i n e  N i  (SALEN) remains diamagnetic whereas N i  (SALOPHEN) 

becomes p a r t i a l l y  paramagnetic (2.5 B .M.) a t  ,room temperature .  

When d i s so lved  

2 4  

24. R. H. Holm, G. W. E v e r e t t ,  and A .  Chakravorty,  Prog. Inorg.  
Chem., z, 83 ('1966); S. Yamada, E. Ohno, Y. Kuge, A .  Takeuchi, 
K. Yamanouchi 'and K. Iwasaki ,  Coordin, Chem. Revs., 3, 247 
(1968) . 

Temperature dependent magnetic s t u d i e s  have shown t h a t  t h e  moments 

decrease  as t h e  temperature increases. A n  equi l ibr ium involv ing  

coord ina ted  and non-coordinated p y r i d i n e  has  been p o s t u l a t e d  

s imilar  t o  our  r e s u l t s  wi th  N i ( S A L D i E N )  i n  py r id ine .  The major 

d i f f e r e n c e  being t h a t  t h e  l a t t e r  i s  f u l l y  paramagnetic i n  

I 

pyr id ine .  The reason f o r  t h i s  probably l i e s  i n  t h e  f ac t  t h a t  t h e  

in-plane f i e l d  s t r e n g t h  of X-SALDiEN i s  expected t o  be diminished 

r e l a t i v e  t o  SALEN o r  SALOPHEN. Th i s  may come about by two 

sources  (1) t h e  cha in  l e n g t h  between imine n i t rogen  a t o m  has 

inc reased ,  and ( 2 )  t h e  secondary n i t r o g e n  atom may o f f e r  some 

degree of  a x i a l  p e r t u r b a t i o n  thereby  e f f e c t i v e l y  lowering t h e  

i n  p lane  f i e l d  s t r e n g t h .  Both e f f e c t s  may be i n t e r p r e t e d  i n  t e r m s  

% of t h e  r e l a t i v e  d o r b i t a l  ene rg ie s  f o r  a n i c k e l ( I 1 )  ion. Figure  2 .  

The energy d i f f e r e n c e  be tween  t h e  two h i g h e s t  energy o r b i t a l s ,  A ,  

decreases  i n  going from (1) a s t r o n g  t o  a weaker in-plane 

f i e l d  and/or ( 2 )  a very weak a x i a l  p e r t u r b a t i o n  t o  a s t r o n g e r  

c a x i a l  p e r t u r b a t i o n .  Energywise less and l e s s  CFSS i s  gained by 
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e l e c t r o n  p a i r i n g ;  t h e r e f o r e ,  t h e  high-sp’in s t a t e  becomes more 

favored.  It should be e a s i e r  f o r  p y r i d i n e  t o  unpair  electrons 

f o r  a weak in-plane f i e l d  than  f o r  a s t rong  in-plane f i e l d  because 

A i s  smal le r .  Consequently, one  might argue t h a t  (1) N i ( S A L E N )  

i s  diamagnetic i n  p y r i d i n e  because of t h e  s t rong  l i gand  f i e l d  

presented  by SALEN, ( 2 ) ,  N i  (SALOPHEN) i s  p a r t i a l l y  paramagnetic 

because SALOPHEN p r e s e n t s  a weaker f i e l d  a r i s i n g  from t h e  lower 

coord ina t ing  a b i l i t y  of t h e  i m i n e  n i t rogen  atoms which a r e  i n  

conjunct ion with t h e  aromatic  r i n g  systems and ( 3 )  Ni(XSALDiEN) 

is f u l l y  paramagnetic and pseudo-octahedral i n  p y r i d i n e  s i n c e  

XSALDiEN should p r e s e n t  t h e  weakest in-plane l i gand  f i e l d  i n  

t h a t  f i v e  atoms j o i n  t h e  imine n i t r o g e n s .  A l t e r n a t i v e l y  t h e  

secondary n i t rogen  atom may p r e s e n t  som2 s m a l l  degree of a x i a l  

p e r t u r b a t i o n ,  t h e  degree be ing  l i m i t e d  by t h e  s t e r i c  requirements  

of  t h e  l i g a n d s  and t h e  metal  l i g a n d  d i s t ance .  For metal-donor atom 

d i s t a n c e s  of 2,3-2.5a, S A L D i E N  has  been shown t o  func t ion  as a 

p l a n a r  pen taden ta t e  l i g a n d  w i t h  a sta?Dle non-eclipsed conformation 

of i t s  a l i p h a t i c  cha in  , This  conformation i s  n o t  a n t i c i p a t e d  f o r  24 

24. M .  N .  Akhtar,  E ,  D. McKenzie, R. E .  Paine and A . J .  Smith, 
Inorg.  N u c l .  Chem. L e t t e r s ,  5, 673 (1969) .  

f i rs t  row t r a n s i t i o n  i o n s  s i n c e  t h e  metal  t o  donor atom d i s t a n c e  i s  

approximately 2.0 8. The exkent of t h i s  p e r t u r b a t i o n  i s  d i f f i c u l t  

t o  measure b u t  i t  would s e e m  t h a t  i t  becomes more pronounced i f  a 

donor occupies  t h e  o t h e r  a x i a l  p o s i t i o n .  That t h e  p y r i d i n e  adduct 
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of Ni(5-BrSALDiEN) shows a s h a r p  N-I3 s t r e t c h  i n  t h e  i n f r a r e d  

spectrum s u p p o r t s  t h i s  p o s t u l a t e ,  

The sugges ted  weaker in -p l ane  f i e l d  f o r  N i  (XSALDiEN) l e n d s  

evidence t o  our  c o n t e n t i o n  t h a t  t h e  anomalous magnet ic  moments i n  

t h e  s o l i d  s t a t e  may a r i s e  from a thermal  p o p u l a t i o n  of s i n g l e t  

and t r i p l e t  s ta tes .  
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Pentadenta te  Ligands 11. N i c k e l ( I 1 )  Complexes of t h e  
Linear  Schi f f  Base Ligands Derived from S u b s t i t u t e d  
Sa l icy la ldehydes  and Bis(2,2'-aminoethyl)sulfide 

By W .  M. Coleman and L .  T .  Taylor  



I n t r o d u c t i o n  

Complexes of p o t e n t i a l l y  l i n e a r  p e n t a d e n t a t e  l i g n a d s  de r ived  

from polyamines and monocarbonyl compounds have n o t  been i n v e s t i -  

g a t e d  t o  a g r e a t  e x t e n t .  High s p i n  f i v e  c o o r d i n a t e  complexes 

have been shown t o  r e s u l t  from t h e  i n t e r a c t i o n  of f i r s t  row t r a n s -  

i t i o n  meta l  i o n s  wi th  t h e  p e n t a d e n t a t e  l i g a n d  de r ived  from s a l i c y -  

l a ldehyde  and bis(3,3'-aminopropyl)amine, s t r u c t u r e  I a .  Low 

s p i n ,  f o u r  c o o r d i n a t e  d i s t o r t e d  squa re  p l a n a r  complexes have 

been p o s t u l a t e d  f o r  n i c l t e l ( I 1 )  w i t h  l i g a n d s  d e r i v e d  from sub- 

s t i t u t e d  s a l i c y a l d e h y d e s  and d i e t h y l e n e t r i a m i n e ,  s t r u c t u r e  Ib  

1 

5 and bis(2,2'aminopropyl)arnine. W e  have r e c e n t l y  communicated 

p r e l i m i n a r y  r e s u l t s  concerning t h e  n i c k e l  complexes of S c h i f f  

b a s e s  formed from s u b s t i t u t e d  s a l i c y l a l d e h y d e s  and b i s ( 2 , 2 ' -  

a m i n o e t h y l ) s u l f i d e ,  s t r u c t u r e  IC. W e  wish t o  r e p o r t  a more 

complete d e s c r i p t i o n  of t h e s e  complexes h e r e .  

1. L .  Sacconi  and I .  B e r t i n i ,  J.  A m e r .  Chem. SOC., 88, 5180 (1966). - 
2 .  W. Langenbeck, M .  August in  and H.  J. K e r r i n e s ,  5.  P r a k t ,  Chem. 
- 26, 130 (1964). 

3. W. M. Coleman and L .  T .  Tay lo r ,  unpubl ished r e s u l t s .  

4. M. K.  Akhtar ,  E.  D.  McKenzie, R. E .  Pa ine  and A .  J. Smith,  
Ino rg .  N u c l .  Chem. L e t t e r s ,  - 5 ,  673 (1969). 
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X C=N- (CH2) n-y- (CH2) 

X=5-H, 5 - B r ,  5-CH3, 3-CH30 and 3- (CH3)2CH 

I a  n=3, y=N-H : H2SALDPT 

b n-2,  y=N-H : H2SALDIEN 

C n = 2 ,  y=s : H2SALDAES 



- 3 -  

ExPerimental 

Materials - Technical grade 3-methoxysalicylaldehyde (o- 
vanillin) and salicylaldehyde (SAL)  were obtained from the Aldrich 

Chemical Company, Milwaukee, Wisconsin and bis(2,2'-aminoethyl)- 

sulfide (DAES) was donated by the Dow Chemical Company, Midland, 

Michigan. The latter two were nsed without further purification, 

but o-vanillin was recrystallized from 95% ethanol in the presence 

of decolorizing charcoal. All other chemicals and solvents were 

of reagent grade of equivalent. 

5-Bromosalicylaldehyde was prepared by adding bromine to 

an equivalent amount of a cold solution of salicylaldehyde dissolved 

in a glacial acetic acid. White crystals were obtained upon 

recrystallizing the crude product from ethanol: water (60~40)- 

5-methylsalicylaldehyde was prepared by a modification of the 

Reimer-Tieman reaction employing p-cresol and chloroform in a 

highly alkaline medium. 

according to the general procedure of the Duff' reaction start- 

ing with o-isopropylphenol. 

3-lsopropylsalicylaldehyde was prepared 

The preparation of the uncomplexed pentadentate ligands 

involved adding dropwise one molecular equivalent of DAES 

dissolved in 95% ethanol to a cold stirring solution of two 

molecular eauivalents of salicylaldehyde also dissolved in a small 

amount of 95% ethanol, Soon after addition was begun bright yellow 

crystals fromed in the reaction mixture which were filtered, 

recrystallized from hot 95% ethanol, filtered again, and dried 
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and d r i e d  - i n  vacuo a t  room temperature  f o r  1 2  hours.  The i r  compo- 

s i t i o n  and s t r u c t u r e  have been e s t a b l i s h e d  b y  elemental  a n a l y s i s ,  

i n f r a r e d  and 'n,m.r.  s p e c t r a .  

Prepara t ion  of bi (5-HSALDAES)7 -- Protonated 5-HSALDAES 

(3.26 g ,  0.01 mole) was d isso lved  i n  200 ml of abso lu te  e thanol  

and brought t o  r e f l u x ,  Nickel a c e t a t e ,  Ni(C2H302)2*4H20, (2.49 g ,  

0.01 mole) d i s so lved  i n  125 m l  of abso lu t e  e thanol  was added 

dropwise. A green s o l i d  formed approximately a f t e r  h a l f  of t h e  

n i c k e l  s o l u t i o n  had been added. A f t e r  a d d i t i o n  was complete, 

r e f l u x i n g  was cont inued f o r  two hours  a f t e r  which t h e  f l a s k  was 

allowed t o  come t o  room temperature.  A green powder was i s o l a t e d  

by f i l t r a t i o n  and d r i e d  - i n  vacuo a t  100°C f o r  twelve hours .  

P repa ra t ion  of bi(5-BrSALDAES)7. -- To a s o l u t i o n  of 

pro tona ted  5-BrSALDAES (4.86 g ,  0.01 mole) d i sso lved  i n  150 m l  

of h o t  N,N-dimethylformamide with s t i r r i n g  was added dropwise a 

s o l u t i o n  of N i  (C2H3o2) 2 .  4H20 (2.49 g ,  0 .01  mole) d i s so lved  i n  

125 m l  of methanol. A green s o l i d  formed halfway through t h e  n i cke l  

add i t ion .  The r e a c t i o n  mixture was r e f luxed  f o r  one hour and 

then allowed t o  come t o  room temperature .  

i s o l a t e d  and d r i e d  2s descr ibed  above. 

P repa ra t ion  of fii(5-MeSALDAESg. -- This  m a t e r i a l  was pre-  

The green product  was 

pared ,  i s o l a t e d  and d r i e d  fol lowing t h e  procedure given above 

f o r  NiLT5-BrSALDAESV. 

P repa ra t ion  of fii(3-MeOSALDAESg. -- This  m a t e r i a l  was pre-  

pared ,  i s o l a t e d  and d r i e d  fol lowing t h e  procedure prev ious ly  

descr ibed  f o r  fii (5-HSALDAESV. 
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P r e p a r a t i o n  of ,&i (3-i-PropylSALDAESu. -- TO a s o l u t i o n  

p repa red  by d i s s o l v i n g  3-isopropylsalicylaldehyde (4.86 g ,  0.03 

mole) i n  50 m l  o f  95% e t h a n o l ,  which a l s o  con ta ined  t r i e t h y l o r t h o -  

formate (4.44 g ,  0.03 mole) and t r i e t h y l a m i n e  (3.30 g ,  0.03 mole ) ,  

was added dropwise DAES (1.80 g ,  0 ,015 mole) w i t h  s t i r r i n g .  The  

r e s u l t i n g  mixture  w a s  yel low i n  c o l o r .  A s o l u t i o n  p repa red  by 

d i s s o l v i n g  N i  (C2H302)  2 .  4H20(3.74 g ,  0.015 mole) i n  200 m l  of  

a b s o l u t e  e t h a n o l  w a s  t h e n  added dropwise t o  t h e  yel low s o l u t i o n ,  

Ref luxing  was cont inued  f o r  t h r e e  hours  a f t e r  n i c k e l  a d d i t i o n  

w a s  complete. The r e a c t i o n  mix tu re  w a s  a l lowed t o  come t o  room 

tempera tu re  whereupon g reen  c r y s t a l s  formed which were i s o l a t e d  

and d r i e d  a s  p r e v i o u s l y  d e s c r i b e d .  

P r e p a r a t i o n  of  - fii(5-HSALDAES) ( H , O u .  -- T o  p r o t o n a t e d  

HSALDAES (1.64 g ,  0,005 mole) d i s s o l v e d  i n  methanol w a s  added 

a s o l u t i o n  of  N i  (C2H302)2. 

i n  methanol.  The mixture  w a s  r e f l u x e d  f o r  f o u r  hours .  No precip- 

i t a t e  formed upon mixing. A f t e r  two hour s  a b r i g h t  g r e e n  p r e c i p i -  

t a t e  formed. I t  w a s  f i l t e r e d ,  washed w i t h  e t h e r ,  r e c r y s t a l l i z e d  

from h o t  chloroform and d r i e d  - i n  vacuo a t  room t empera tu re  f o r  

twelve  hours .  

4H20 ( 1 - 4 4  g ,  0.005 mole) d i s s o l v e d  

- P r e p a r a t i o n  of  t h e  P y r i d i n e  Adduct of LGi (5-HSALDAESu. -- 
Approximately 1 .0  g of  bi(5-HSALDAESg w a s  d i s s o l v e d  i n  10  m l  

of  p y r i d i n e .  The s o l u t i o n  was hea ted  f o r  t h i r t y  minutes  then  

al lowed t o  come t o  room tempera ture  fol lowed by a d d i t i o n  of  

wa te r  where upon a green  s o l i d  p r e c i p i t a t e d .  T h i s  mater ia l  was 

f i l t e r e d  and d r i e d  I_ i n  vacuo a t  100°C f o r  twelve  hours .  
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P r e p a r a t i o n  of t h e  P y r i d i n e  Adduct of bi(3-MeOSALDAESg. -- 
Approximately 1.0 g o f  bi (3-MeOSALDAESg w a s  d i s s o l v e d  i n  p y r i d i n e  

and s t i r r e d  f o r  t h i r t y  m i n u t e s ,  Water was then  added t o  cause  

p r e c i p i t a t i o n .  The pa le  green  mater ia l  w a s  i s o l a t e d  and d r i e d  

as  d e s c r i b e d  above. 

P h y s i c a l  Measurements. -- I n f r a r e d  s p e c t r a  w e r e  o b t a i n e d  i n t h e ,  

r e g i o n  5000-400 c m - l  u s ing  a Perkin-Elmer Model 6 2 1  spec t rophoto-  

meter.  S o l i d  s t a t e  s p e c t r a  were recorded  as  KBr p e l l e t  and as 

Nujol  o r  hexachlorobutadiene  mul l s .  Ultraviolet-visible-near 

i n f r a r e d  s p e c t r a  were ob ta ined  w i t h  a Cary 1 4  r e c o r d i n g  s p e c t r o -  

photometer .  S p e c t r a  of  s o l i d  samples w e r e  o b t a i n e d  by a d i f f u s e  

t r a n s m i t t a n c e  t echn ique  employing Nujol  mu l l s  impregnated on 7 

Whatman N o .  1 f i l t e r  pape r .  S o l u t i o n  spectra w e r e  o b t a i n e d  

u t i l i z i n g  s p e c t r o q u a l i t y  o r g a n i c  s o l v e n t s .  

Magnetic s u s c e p t i b i l i t y  measurements on s o l i d  samples w e r e  

ob ta ined  by  t h e  Faraday method. S o l u t i o n  magnet ic  measurements 8 

w e r e  determined by a n.m.r. method u s i n g  a Var ian  A60 spec t romete r .  

Diamagnetic c o r r e c t i o n s  were made employing P a s c a l ' s  c o n s t a n t s  . 
S p e c i a l  c o a x i a l  c e l l s  w i t h  p r e c i s i o n  spac ing  of t h e  i n n e r  t u b e  

9 

(Wilmad G l a s s  C o . )  w e r e  used. Measurements w e r e  performed a t  

10°C and 2OoC us ing  a Var ian  Model V6040 NMR v a r i a b l e  t empera tu re  

c o n t r o l l e r .  

7 .  R. H.  Lee, E .  Griswold and J. K. Kle inberg ,  Ino rg .  Chem. - 3 ,  
1278 (1964) .  

8. D. F.  Evans, J. Chem. SOC., 2003 (1959) .  

9. B. N .  F i g g i s  and J. Lewis,  "Modern Coordina t ion  Chemistry" ,  
J. L e w i s  and R .  J. Wilk ins ,  Eds. ,  I n t e r s c i e n c e  P u b l i s h e r s ,  
I n c . ,  N e w  York, N.Y. ,  1960. 
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Mass s p e c t r a  were o b t a i n e d  on a Hitachi-Perkin-Elmer RMU-7 

double  f o c u s i n g  mass spec t romete r  u s ing  a s o l i d  i n l e t  probe.  The 

s o l i d  probe  tempera ture  w a s  main ta ined  a t  a v a l u e  t o  p r e v e n t  de- 

composi t ion of  t h e  samples. The source  t empera tu re  w a s  maintained 

a t  approximate ly  t h e  tempera ture  of t h e  s o l i d  probe .  Analyzer  

t ube  and i o n  source  p r e s s u r e s  o f  l e s s  than  t o r r  w e r e  employed. 

Where necessa ry  mass t o  charge  r a t i o s  w e r e  c a l i b r a t e d  w i t h  p e r f l u o r o -  

kerosene .  

Elemental  a n a l y s e s  were performed by  G a l b r a i t h  M i c r o a n a l y t i c a l  

Labora to ry ,  Knoxvi l le ,  Tennessee and i n  t h i s  l a b o r a t o r y  u s i n g  a 

Perkin-Elmer-Model 240 CH & N a n a l y z e r .  

X-ray powder p a t t e r n  da ta  were o b t a i n e d  us ing  a Genera l  

Electric-XRD-5 Powder D i f f r a c t o m e t e r  employing Cu-Karadiation 
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Resu l t s  - and Discussion 

Complexes of composition N i  (XSALDAES) have been prepared 

by t h e  drcpwise a d d i t i o n  of a s o l u t i o n  of n i c k e l  a c e t a t e  $-hydrate 

t o  a s o l u t i o n  of t h e  pre-formed pro tona ted  Sch i f f  base l i gand  . 10 

(10)  E a r l i e r  (N.  S. G i l l ,  Ph.D. Thes i s ,  U. of Sydney, A u s t r a l i a ) ,  
complexes of i n d e f i n i t e  composition had been repor ted  
employing a s i m i l a r  r e a c t i o n .  

Dark green complexes p r e c i p i t a t e  immediately which a r e  i n s o l u b l e  

i n  p r a c t i c a l l y  a l l  o rganic  s o l v e n t s .  N i ( H S A L D A E S )  and N i ( 3 - i -  

PropylSALDAES) a r e  p a r t i a l l y  s o l u b l e  i n  chloroform and d ich loro-  

methane, Each complex i s  r e l a t i v e l y  thermal ly  s t a b l e ,  mel t ing  

above 25OoC . Two p y r i d i n e  adducts ,  ( N i  (HSALDAES) (py)) and 

(Ni (3-MeOSALDAES) (py)) , were prepared by p r e c i p i t a t i n g  t h e  green 

m a t e r i a l s  from a concentrated p y r i d i n e  s o l u t i o n  by t h e  a d d i t i o n  of 

water .  The compounds were s o l u b l e  i n  a number of p o l a r  organic  

s o l v e n t s  and they  r e t a i n e d  p y r i d i n e  even upan dry ing  f o r  twelve 

hours a t  100°C _. i n  vacuo. 'An  a d d i t i o n a l  new complex could be pre-  

pared by c a r r y i n g  ou t  t h e  complexation r e a c t i o n  i n  methanol. T h i s  

hydrated complex i s  p o s t u l a t e d  t o  have t h e  formula t ion ,  ( N i  (HSALDAES) 

(H20)). TABLE I.  

Mass s p e c t r a  were measured on a l l  t h e  complexes under t h e  

l e a s t  severe  cond i t ions .  Many of t h e  compounds gave a s e r i e s  of m/e 

peaks corresponding t o  t h e  i s o t o p e  p a t t e r n  of t h e  pa ren t  complex 

w i t h  no h igher  mass fragments,  TABLE 11, i n d i c a t i n g  n e g l i g i b l e  

polymer formation i n  t h e  gas phase.  I s o t o p i c  c l u s t e r s  correspond- 

i n g  t o  the pa ren t  i on  were observed f o r  t h e  methoxy, methyl, and 

i sopropyl  d e r i v a t i v e s .  
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TABLE 1 

ANALYTICAL DATA FOR THE NICKEL COMPLEXES 

C o m p o u n d  

bi (5-HSALDAESV 

fii (5-MeSALDAESg 

fii (5-HSALDAES) (H20U 

fii (5-BrSALDAESl7 

fii (3  -MeOSALDRESg 

LEi (3-i-PropylSALDAESl7 

- fii (5-HSALDAES) ( P Y V  

fii ( 3 -MeOSALDAES ) ( P Y V  

C - 
C a l c d .  56.13 
Found 55.95 

C a l c d .  58.13 
Found 58.41 

C a l c d .  S3.62 
Found 53.69 

C a l c d .  39.82 
Found 39.90 

C a l c d .  53.95 
Found 54.19 

C a l c d .  61.42 
-Found 61.51 

C a l c d .  59.50 
Found 59.46 

C a l c d .  57.27 
Found 57.09 

H - 
4.72 
4.77 

5.38 
5.32 

5.01 
4.91 

2.98 
2.87 

4.99 
5.02 

6.46 
6.46 

5.00 
4.87 

5.20 
5.43 

N - 
7 . 2 8  
7.29 

6 .78  
6.53 

6.95 
6.53 

5.16 
5.17 

6.29 
6.31 

5.97 
6.16 

9.05 
8.91 

8.02 
7.79 
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TABLE 11 

Compound 

Mass Spectral Data on the Complexesa 

Mo 1 ec u l  ar 
Formula - 

Isotopic 
Cluster 

Ni (5-MeSALDAES) C20H22N2S02Ni 412,414 

N SO Ni 444,446 Ni (3-MeOSALDAES) 

Ni (3-i-PropylSALDAES) C24H3 ON2S 02Ni 468,470 
C20H22 2 4 

a 13 Isotope patterns for C were observed but are not included. 
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I n f r a r e d  s p e c t r a  on a l l  complexes w e r e  ob ta ined  as e i t h e r  

Nujol  mu l l s  of  IU3r pe l le t s .  The spectra of Ni(XSALDAES) and 

t h e  n i c k e l ( I 1 )  complexes of H2SALDiEN are e s s e n t i a l l y  t h e  same. 

O f  s p e c i f i c  i n t e r e s t  i s  t h e  C=N s t r e t c h i n g  f requency  i n  t h e  

complex which was observed t o  s h i f t  25 c m - l  t o  lower energy when 

compared w i t h  i t s  p o s i t i o n  i n  t h e  f r ee  l i g a n d .  Th i s  r e s u l t  i s  

compatible  w i t h  t h e  imine n i t r o g e n  atom b e i n g  coord ina ted  t o  t h e  

m e t a l .  The i n f r a r e d  s p e c t r a  of (Ni(XSALDAES) (py)) show bands 

11. P. X. Armendarez and K. Nakamoto, Inorg .  Chem., 5, 796 (1966) .  

12. "The S a d t l e r  S tandard  S p e c t r a " ,  S a d t l e r  Research Labora to ry ,  
P h i l a d e l p h i a ,  Penna,,  1959. 

a s s i g n a b l e  t o  p y r i d i n e .  Comparison of t h e s e  s p e c t r a  w i t h  t h e  

S a d t l e r  Cata logue  spectrum of p y r i d i n e  conf i rm t h e  p re sence  of 

p y r i d i n e  ( i . e .  bands a t  1220 cm-', 1 1 2 0  c m - l  and 1060 cm-' cou ld  

1 2  

be a t t r i b u t e d  s o l e l y  t o  p y r i d i n e ) .  The appearance of a band a t  

3250 ern-' a t t r i b u t a b l e  t o  an O-H s t r e t c h i n g  mode i n  t h e  spectrum of  

( N i  (5-HSALDAES) (H20)) l e n d s  ev idence  t o  i t s  proposed fo rmula t ion  

as an hydra t e .  

Magnetic s u s c e p t i b i l i t i e s  w e r e  measured on Ni(XSALDAES) 

employing t h e  Faraday method and t h e  r e s u l t s  a r e  p r e s e n t e d  i n  

TABLE 111. The magnetic moments a r e  anomolous and ve ry  s i m i l a r  

t o  t h e  r e s u l t s  o b t a i n e d  w i t h  N i  (XSALDIEN) 3, be ing  i n  between 

t h e  v a l u e s  expected f o r  e i t h e r  h igh  o r  low s p i n  d8 n i c k e l ( I 1 )  

complexes r e g a r d l e s s  of t h e  c o o r d i n a t i o n  geometry about  t h e  

meta l .  The s e v e r a l  mechanisms which may account  f o r  t h e  magnetic 
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TABLE I11 

Compound 

I Room Temperature Magnetic Data on the Nickel ! 
Complexes in the Solid State 

Ni (5-HSALDAES) 

[ Ni (5-HSALDAES) (H20)  ] 

Ni (5-BrSALDAES) 

Ni (5-MeSALDAES) 

Ni (3-MeOSALDAES) 

Ni(3-i-PropylSALDAES) 

[Ni (5-HSALDAES) (py) 1 

," [Ni (3-MeOSALDAES) (py) ] 

6 
XN x 10 

482.8 

3623.4 

436.1 

191.1 

385.4 

602.1 

2766 .O 

2702.6 

(B.M.) Eleff. 

1.11 

2.94 

1.02 

0.90 

1.15 

1-43 

2.71 

2.69 
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moments of t hese  complexes which employ h igh  s t r a i n e d  l i n e a r  
3 p e n t a d e n t a t e  l i g a n d s  have been p r e v i o u s l y  d i s c u s s e d  e I n  l i g h t  of 

t h e  f a c t  t h a t  f i v e - c o o r d i n a t e  n i c k e l ( I 1 )  complexes are r e p o r t e d  

t o  e x i s t  as h igh  or  l o w  s p i n  complexes depending on t h e  ;-bonding 

c h a r a c t e r  of  t h e  l i g a n d  donor atoms13, i t  seems h i g h l y  t e n a b l e  t h a t  

a s p i n  s t a t e  i s o m ' s r i s m  between s i n g l e t  and t r i p l e t  s ta tes  f o r  a 

d i s t o r t e d  f i v e - c o o r d i n a t e  complex may e x i s t ,  A d e t a i l e d  tempera- 14 

t u r e  dependent magnet ic  s u s c e p t i b i l i t y  s t u d y  i s  p r e s e n t l y  b e i n g  

pursued t o  t e s t  t h i s  hypo thes i s .  I n  c o n t r a s t  ( N i  (XSALDAES) (py)) 

13.  L .  Sacconi ,  T r a n s i t i o n  Metal Chem., 4 - , 227 (1968) and 
r e f e r e n c e s  t h e r e i n .  

14.  B.  N .  F igg i s ,  " I n t r o d u c t i o n  t o  Ligand F i e l d s " ,  I n t e r s c i e n c e  
i P u b l i s h e r s ,  New Y o r k ,  1966.  

and @i(HSALDAES) (H20)) g i v e  magnet ic  moments around 3 . 0  B.M. 

which are typ ica l  of pseudo-octahedral  n i c k e l  (11) . 
The magnetic s u s c e p t i b i l i t i e s  i n  p y r i d i n e  s o l u t i o n  suppor t  

t h e  c o n t e n t i o n  t h a t  i n  p y r i d i n e  t h e  species are e s s e n t i a l l y  s p i n  

f ree  showing l i t t l e  dependence on tempera ture  or  c o n c e n t r a t i o n ,  

TABLE IV. T h i s  could  a r i s e  from p y r i d i n e  comp.leting t h e  s i x  

c o o r d i n a t e  s t r u c t u r e .  V i s i b l e  spectral  d a t a  i n  p y r i d i n e  s u p p o r t s  

t h i s  assumption i n  t h a t  t h e  t h r e e  Lapor te  fo rb idden  t r a n s i t i o n s  

c h a r a c t e r i s t i c  o f  pseudo-octahedral  n i c k e l ( I 1 )  are  observed i n  
15 

t h e  r eg ion  10,300 ~ m - ' , ? f ~ ( ~ T  3A ) - 1 7 , 5 0 0  ~ m - l , - d ~ ( ~ T ~ ~ ( F ) +  
2g 2g I 

3A2g) and 25,000 cm-",-f3( 3 Tlg(P)-@$-- 3 A 2 g ) .  I n  some of t h e  spectra 

15 .  M ,  K i l n e r  and J. M. Smith,  J. Chem. E d . ,  45, 94 (1968) .  
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TABLE I V  

Magnetic D a t a  on t h e  Nickel  Complexes i n  P y r i d i n e  

Compound 

bi (5-HSALDAESg 

Li3i (3-MeOSALDAESg 

Ei (3- i -PropylSALDAESg 

0 Temp. C 

26 
2 6  
20 

20 
1 0  
20  
1 0  

20 
1 0  
20  

0 .0439 2 .67  
0 .0128  2 .73  

2 . 8 1  0 .0128 

0 .0229 2 .81  
0 .0229 2 .84  
0 .0109 2 .64  
0 .0109 2 .75  

0.0152 2 .75  
0 .0152 2.92 
0 .007  3.07 
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TABLE V 

e ,  Electronic Spectra (CUI-’) of the Ni (XSALDAES) Complexes 

Compound Medium Band Maxima 

Lzi (5-HSALDAES) (H20U Nu j 01 8,403; 15,620; 24,390; 30,770 
CHC13 8,700(23) ; 16,000(30) ; 26,320(495) 

Pyridine 10,420(9.71); 17,390(12.62); 25,970 
30,300(350) 

(6700) ; 31,250(3970) ; 31,750(3980) 

Ni ( 5 -HSALDAES ) 

Ni (5-BrSALDAES) 

Ni (5-MeSALDAES) 
I 

Ni(3-i-PropylSALDAES) 

Ni (3-MeoSALDAES) 

Nuj ol 16,060; 23,120; 30,080 
Pyridine 

Nu j 01 
Pyridine 

Nuj 01 
Pyridine 

Nujol 
CH2C12 

Pyridine 

Nujol 
Pyridine 

b i  (3-MeoSALDAES) ( P u g  Nu j 01 

B i  (5-HSALDAES) ( P Y Y  

10,420(9); 17,390(12); 25,970(5590); 
31,750(5280) 

16,393; 22,220; 25,000; 30,300 
10,360(40); 17,780(40) : 25,320(7720); 
30,080 (5280) 

15,390; 22,730; 31,250 
10,310(37); 17,390(46) ; 25,160(8630) ; 
30,300(6750) 

15,560; 20,830; 24,540; 30,300 
16,130(1360) ; 25,320(3710); 
30,300(6400) ; 40,400(27,700) 

11,330(195) ; 17,360(260); 25,710(10,000 
28,990 (11,100) ; 30,300 (11,500) 

16,000; 22,990; 23,530: 25,320; 29,850 
10,100(9); 12,660(2); 17,390(9) 

11,630; 15,870; 24,390; 25,620; 29,410 
CHC13 12,500(60) ; 16,130(210) ; 24,390(3500) ; 

25,640(4100) ; 30,300(6500) 

Nujol 11,360; 16,950; 25,640 
CHC13 8,770(20); 10,640(20); 16,130(80) 
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th,e l o w e s t  energy  band i s  s p l i t  i n t o  two components which p robab ly  

a r i s e s  as a r e s u l t  of some low symmetry d i s t o r t i o n  from o c t a h e d r a l  

symmetry. The$ t r a n s i t i o n  has  a r a t h e r  h igh  molar e x t i n c t i o n  

c o e f f i c i e n t  f o r  a d-d band a l though " i n t e n s i t y  s t e a l i n g "  from t h e  

near-by charge  t r a n s f e r  band (c.a. 30,000 c m - l )  may account  fo r  

t h i s .  

3 

It i s  conce ivab le  t h a t  t h e  25,000 cm'l band may be a c o m -  

p o s i t e  d-d and charge  t r a n s f e r  t r a n s i t i o n .  The v i s i b l e  s p e c t r a  

o f  t h e  p y r i d i n e  adduc t s  i n  t h e  s o l i d  s t a t e  and i n  non-donor s o l v e n t s  

are i n  agreement w i t h  t h e  r e s u l t s  concern ing  Ni (XSALDAES)  when 

d i s s o l v e d  i n  p y r i d i n e .  It may, t h e r e f o r e ,  be concluded from magnet ic  

and s p e c t r a l  measurements t h a t  (1) an e q u i l i b r i u m  s h i f t e d  f a r  

t o  t h e  r i g h t  such as t h e  fo l lowing  e x i s t s  i n  p y r i d i n e ,  and ( 2 )  

! t h e  species i n  p y r i d i n e  s o l u t i o n  and t h e  isolable  p y r i d i n e  adduc t s  
f 

Ni(XSALDAES) 4- py \- Ni(XSALDAES) (py) 

Low s p i n  High s p i n  

are p r a c t i c a l l y  t h e  same. 

CHC13 and as  a Nujol  mull  a long  w i t h  magnetic data  i n d i c a t e  a 

pseudo o c t a h e d r a l  environment f o r  t h e  n i c k e l ( I 1 )  i o n  h e r e ,  a l s o .  

The spectra of (Ni(XSALDAES) (H20)) i n  

These s i x  c o o r d i n a t e  s t r u c t u r e s  may be env i s ioned  t o  a r i se  from 

t h e  c o o r d i n a t i o n  of  t h e  f i v e  donor s i tes  of t h e  p e n t a d e n t a t e  l i g a n d  

t o  t h e  n i c k e l ( I 1 )  w i t h  p y r i d i n e  o r  water complet ing t h e  o c t a h e d r a l  

arrangement . 

V i s i b l e  s p e c t r a  of N i  (XSALDAES) w e r e  a l s o  o b t a i n e d  a s  Nujo l  

m u l l s  and d i s s o l v e d  i n  CH2C12 when s o l u b i l i t y  p e r m i t t e d .  

appeared around 1 6 , 0 0 0  c m - l  and 23,000 crn 

Bands 
-1 i n  a l l  cases. The 



6 )  

lower energy band may be c h a r a c t e r i s t i c  of  l o w  s p i n  f i v e  c o o r d i n a t e  

n i c k e l ( I 1 )  o r  i t  may ar ise  f r o m  a squa re  p l a n a r  c o n f i g u r a t i o n  i n  

which t h e  in -p lane  f i e l d  i s  ve ry  weak. l7 

16 

The h i g h e r  energy $and 
I 

16. L, Sacconi ,  T r a n s i t i o n  M e t a l  Chem., 2, 227  (1968) and 

1 7 .  R. H .  Holm, J. Amer. Chem. SOC.,  82, 5632 (1960) .  

r e f e r e n c e s  t h e r e i n .  

i s  m o s t  p robably  l i g a n d  i n  o r i g i n  s i n c e  t h e  f r e e  l i g a n d  a l s o  

absorbs in t h i s  r e g i o n ,  S te reochemica l  models show t h a t  t h e  t w o  

pheno l i c  oxygen atoms and two imine  n i t r o g e n  atoms can e a s i l y  

c o o r d i n a t e  i n  a r e g u l a r  p l a n a r  manner o r  a t w i s t e d  manner. 

Whether t h e  s u l f u r  atom i s  i n  fact  coord ina ted  t o  t h e  

I n i c k e l ( I 1 )  i o n  can o n l y  be confirmed by a s i n g l e  c r y s t a l  

d i f f r a c t i o n  s tudy .  I f  t h e  t h i o e t h e r  atom does n o t  i n  some way 

t h e  n i c k e l  i o n ,  t h e  magnetic and spectral  p r o p e r t i e s  of 

Ni(XSALDAES) and Ni(XSALDiEN), where t h e  secondary n i t r o g e n  h a s  

been shown t o  n o t  c o o r d i n a t e ,  should be i d e n t i c a l .  Major d i f f e r -  

ences  between b o t h  series o f  complexes are  found i n  t h e i r  v i s i b l e  
\ 

spectra and x-ray powder p a t t e r n s .  Table compares ’)(-ray 

powder p a t t e r n  d a t a  f o r  N i  (3-MeOSALDAES) and N i  (3-MeOSALDiEN) . 
Nickel  complexes of i d e n t i c a l l y  s u b s t i t u t e d  d e r i v a t i v e s  of  SALDAES 

and S-UDiEN gave s i m i l a r  r e s u l t s  which i n d i c a t e  d i f f e r e n t  s t r u c t u r e s  

f o r  N i  (XSALDAES) and N i  (XSALDiEN) e S o l i d  s t a t e  v i s i b l e  s p e c t r a  

a l s o  d i f f e r  i n  t h a t  Ni(XSALDAES) h a s  a s i g n i f i c a n t  low energy band 

around 16,000 cm-’ which i s  n o t a b l y  absen t  from t h e  v i s i b l e  s p e c t r a  

of N i ( X S A L D i E N ) .  Both t y p e s  of complexes become h i g h l y  para-  

magnetic i n  p y r i d i n e  g i v i n g  r i s e  t o  pseudo-octahedral species b u t  

d ;-r 
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TABLE VI 

X-Ray Data on t h e  N i  Complexes 

Ni (3-MeoSALDIEN) Ni (3-MeoSALDAES) 

d value I n t e n s i t y  d v a l u e  Intensity 

14.730 
12.627 
11.191 
10.281 
7,254 
6.326 
5.906 
5.391 
5.277 
5.096 
4.796 
4.529 
3.619 
3.520 
3.401 

28 
18 
40 
25 
8 
17 
40 
14 
23 
19 
12 
15 
25 
40 
30 

10.782 
8.845 
8.192 
6.026 
5.438 
4.575 
4 , 270 
4.114 
3.934 
3.850 
3,633 
3,363 
3.220 
2 , 921 

45 
58 
25 
25 
22 
19 
15 
22 
60 
43 
48 
38 
12 
20 
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j udg ing  f r o m  t h e  p o s i t i o n  of  t h e  l o w e s t  energy  band (which i s  

an i n d i c a t i o n  of t h e  average l i g a n d  f i e l d  s t r e n g t h  p r e s e n t e d  by  

t h e  donor atoms) t h e  o c t a h e d r a l  species are n o t  i d e n t i c a l .  Band 

maxima appear  a t  10,900- and 17,000 c m - l  f o r  N i ( X S A L D i E N )  and a t  

lO,lOO- and 17,400 c m - l  fo r  Ni(XSALDAES) . 

I 

I f  b o t h  s t r u c t u r e s  

w e r e  s o l e l y  - c i s - p l a n a r  N i N 2 0 2  s t r u c t u r e s  i t  i s  a n t i c i p a t e d  t h a t  

t h e i r  s p e c t r a  i n  p y r i d i n e  would g i v e  i d e n t i c a l l y  p o s i t i o n e d  band 

maxima. T h e q l  band i s  s h i f t e d  800 t o  lower energy f o r  

N i  (XSALDAES) r e l a t i v e  t o  N i  (XSALDiEN) .. T h i s  d i f f e r e n c e  i n  p y r i d i n e  

may be a t t r i b u t e d  t o  a N i N 3 0 2 S  environment f o r  Ni(XSALDAES) v e r s u s  

a N i N 4 0 2  environment f o r  Ni(XSALD1EN). 

i s  compatible i n  t h a t  a t h i o e t h e r  l i n k a g e  produces a smaller  D q  

t h a n  a secondary o r  p y r i d i n e  n i t r o g e n  atom. These r e s u l t s  may be 

The s h i f t  t o  lower energy 

> 

r a t i o n a l i z e d  i n  several ways concern ing  t h e  s t r u c t u r e  of N i ( X S A L D A E S ) .  

The s u l f u r  atom because  of i t s  o r b i t a l  e x t e n s i o n  i n  space may 

o n l y  be p e r t u r b i n g  e x c i t e d  s t a t e s  of t h e  n i c k e l  i o n  w i t h o u t  

forming a d i r e c t  g round-s ta te  me ta l - su l fu r  bond, o r  a f i v e - c o o r d i n a t e  

species may be produced wi th  format ion  of a me ta l - su l fu r  bond. 

The p o s t u l a t e d  f i v e - c o o r d i n a t e  N i  (X-SALDAES) may be i d e a l l y  

env i s ioned  t o  have a squa re  pyramidal  o r  t r i gona l -b ipy ramida l  

s t r u c t u r e .  
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\ 

" 1  Drieding  and Fisher-Hershfelder-Taylor s te reomodels  do n o t  r u l e  

o u t  F i g u r e  l a  a l though lb i s  r e p o r t e d  t o  be p r e f e r r e d  by a some- 

what analogous p e n t a d e n t a t e  l i g a n d ,  Rega rd le s s  o f  t h e  s t r u c t u r e ,  

t h e  l i g a n d  must undergo s e v e r e  s te r ic  s t r a i n  i n  order f o r  t h e  

s u l f u r  atom t o  be s i t u a t e d  n e a r  a c o o r d i n a t i o n  s i te .  A l t e r n a t i v e l y ,  

t h e  t r u e  s t r u c t u r e  may be some compromise of two o r  more of t h e  

fo l lowing  s t r u c t u r e s :  a)  squa re  p l a n a r ,  b) d i s t o r t e d  squa re  p l a n a r  

(metal  i o n  ra ised above t h e  p l a n e  d e f i n e d  by t h e  f o u r  donor atoms 

or d i s t o r t e d  t e t r a h e d r a l  s t r u c t u r e ) ,  and c)  t r i g o n a l  bipyrarnid 

o r  squa re  pyramid. Four-coord ina t ion  i s  c h a r a c t e r i s t i c  of (a) 

and (b) w h i l e  f i v e - c o o r d i n a t i o n  i s  exempl i f i ed  by ( c ) .  



Cobal t  Carbon Sigma Bond Formation Employing a High Spin 
Five-Coordinate Cobal t  (11) Complex 
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I n t r o d u c t i o n  

The s i g n i f i c a n c e  of  t h e  c o b a l t - a l k y l  complexes a s  models 
1-4 f o r  v i t amin  B coenzyme has  been d i s c u s s e d  i n  some d e t a i l .  12 

1. G .  N .  Sch rauze r ,  Accounts of Chem. R e s .  , L, 97 (1966) . 
2 .  G .  N. Sch rauze r ,  Adv. C a t a l y s i s ,  18, 526 (1968) and r e f e r e n c e s  

t h e r e i n .  

3 .  G .  N .  Sch rauze r ,  ACS-CIC Symposium "Bio inorganic  Chemistry" 
Blacksburg,  V a . ,  June ,  1970. 

4.  G .  C o s t a ,  G .  Mestroni ,  G .  Taugher and L .  I t e f a n i ,  J. Organo- 
meta l .  Chem., - 6 ,  181 (1966) .  

Those systems from which s tab le  Co-C l i n k s  can  be produced have 

been l i m i t e d  e x c l u s i v e l y  t o  low s p i n  c o b a l t ( I 1 )  squa re  p l a n a r  com- 

p l e x e s  which employ t e t r a d e n t a t e  l i g a n d s  w i t h  e i t h e r  a l l  n i t r o g e n  

donors  o r  two n i t r o g e n  and two oxygen donor atoms.5 

1 
/ 

The t w o  known 

5. M. Green, J, Smith and P.  A .  Taske r ,  D i s .  Faraday S O ~ . ,  - 47, 
172 (1969) .  

e x c e p t i o n s  i n  t h i s  r ega rd  a r e  t h e  squa re  p l a n a r  c o b a l t ( I 1 )  

complex of dimethylglyoxime (a b i d e n t a t e  l i g a n d )  and t h e  f i v e -  

c o o r d i n a t e  v i t amin  B coenzyme (cobalamin) which c o n t a i n s  a 

p e n t a d e n t a t e  l i g a n d .  However, t h e  s p i n  s t a t e  o f  t h e  c o b a l t  (11) 

12 

i n  b o t h  c a s e s  i s  p o s t u l a t e d  t o  be low s p i n .  I n  t h i s  r e p o r t  

c o n s i d e r a t i o n  i s  g i v e n  t o  t h e  n a t u r e  o f  t h e  cobal t -carbon bond 

formed from t h e  p r e v i o u s l y  r e p o r t e d  high-spin f i v e  c o o r d i n a t e  6 

c o b a l t  (11) complex o f  t h e  p e n t a d e n t a t e  l i g a n d  de r ived  from 

s a l i c y l a l d e h y d e  and bis(3,3'-aminopropyl)amine, h e r e a f t e r  
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6 .  L. Sacconi and I, Bertini, J. Amer. Chem. SOC., 88, 5180 (1966). 

referred to as CO(SALDPT) , structure I. 

STRUCTURE I 

Experimental 

Materia~s.--Bis(3,3'-aminopropyl)amine and salicylaldehyde 

were obtained from Aldrich Chemical Company, Milwaukee, Wisconsin 

and used without further purification. Paladium(I1) chloride and 

NaBH4 were obtained from Alfa Inorganic Inc., Beverly, Mass. 

preparation of Co(SALDPT) was accomplished by several procedures 

which are recorded elsewhere . No oxygen was allowed to come 

The 

6-8 

7. R. H. Bailes and M. Calvin, J. Amer. Chem. S O ~ . ,  69, 1886 
(1949). 

8. C. Floriani and F. Calderazzo, J. Chem. SOC. (A). 

in contact with the compound until the mother liquor had been 

washed away from the product with ether and allowed to dry to 

yield a golden yellow crystalline product. All other chemicals 
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i nc lud ing  a l k y l h a l i d e s ,  and s o l v e n t s  were of reagent  grade o r  

equ iva len t .  

P repa ra t ion  of CH3Co(SALDPT) .--Co(SALDPT) (1.Og, - 0 0 2 5  

mole) was d i s so lved  i n  75 m l  of methanol and t h e  s o l u t i o n  f lushed  

w i t h  N 2 .  Methyl i o d i n e  (1.07 g ,  .0075 mole) d i sso lved  i n  10 m l  of 

MeOH was added, followed by two drops of a 10  p e r  c e n t  PdC12 

s o l u t i o n  i n  methanol a long w i t h  0 .1  g of NaBH4. 

w a s  a r a p i d  evolu t ion  of H a .  

4 ml of a 50 p e r  c e n t  NaOE s o l u t i o n  was added dropwise. Soon 

a f t e rwards ,  a r ed  s o l i d  appeared. S t i r r i n g  was continued f o r  

one hour.  The m a t e r i a l  was f i l t e r e d  and d r i e d  vacuo a t  

100°C f o r  twelve hours .  

Immediately t h e r e  

A f t e r  s t i r r i n g  f o r  a s h o r t  while  

P repa ra t ion  of Et-Co (SALDPT) .--Co(SALDPT) (1.0 g ,  .0025 

mole) was d i s so lved  i n  75 ml of MeOH and t h e  s o l u t i o n  f lu shed  

w i t h  N 2 .  

added. Then e t h y l  i od ide  (1 .17  g ,  .0075 mole) d i s so lved  i n  10 r n l  

of Me03 was added, followed by 0 .1  g o f  NaBH4. 

immediate evo lu t ion  of H2. 

m i n u t e s  then  3 m l  of a 50 p e r  c e n t  aqueous NaOH s o l u t i o n  was 

added. A f t e r  a s h o r t  while  a red  s o l i d  formed. It was i s o l a t e d  

and d r i e d  a s  descr ibed  above. 

Two drops of a 1 0  p e r  c e n t  PW12 s o l u t i o n  i n  MeOH was 

There was an 

The s o l u t i o n  w a s  s t i r r e d  f o r  a few 

The remaining a l k y l  d e r i v a t i v e s  ( i . e .  n-propyl, n-butyl,  

n-pentyl ,  n-hexyl, n-heptyl,  n-octyl and n-decyl) were prepared,  

i s o l a t e d  and d r i e d  a s  descr ibed  above us ing  t h e  appropr i a t e  a l k y l  

iod ide  o r  bromide i n  each case .  
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P h y s i c a l  Measurements.--Infrared s p e c t r a  w e r e  o b t a i n e d  i n  

-1 t h e  r eg ion  5000-400 c m  u s i n g  a Perkin-Elmer Model 621 s p e c t r o -  

photometer.  S o l i d  s t a t e  s p e c t r a  w e r e  recorded  a s  KBr p e l l - e t s  

and as  Nujo l  o r  hexachlorobutadiene  mul l s .  S o l u t i o n  spectra  

w e r e  t a k e n  i n  s p e c t r o q u a l i t y  s o l v e n t s  u s i n g  matched s o l u t i o n  

ce l l s .  Ultraviolet-visible-near i n f r a r e d  s p e c t r a  were o b t a i n e d  

wi th  a Cary 14 r e c o r d i n g  spec t rophotometer .  S p e c t r a  of  s o l i d  

samples were ob ta ined  by  a d i f f u s e  t r a n s m i t t a n c e  t echn ique  9 

employing Nujol  mu l l s  impregnated on Whatman N o .  1 f i l t e r  paper. 

9. R.  H.  Lee, E .  Griswold and J. K. K le inbe rg ,  Inorg .  Chem., - 3, 1278 (1964) .  

-.----------------------------------------------------------------- 

S o l u t i o n  spectra were o b t a i n e d  u t i l i z i n g  s p e c t r o q u a l i t y  o rgan ic  

s o l v e n t s .  

Magnetic s u s c e p t i b i l i t y  measurements on s o l i d  samples w e r e  

o b t a i n e d  by t h e  Faraday  method. Diamagnetic c o r r e c t i o n s  were made 

employing P a s c a l ' s  c o n s t a n t s .  10 

10- B. N. F i g g i s  and J .  L e w i s ,  "Modern Coordina t ion  Chemistry" ,  
J. L e w i s  and R .  J. W i l k i n s ,  E d s . ,  I n t e r s c i e n c e  P u b l i s h e r s ,  
I n c . ,  N e w  York, N.  Y . ,  1960. 

Mass s p e c t r a  were o b t a i n e d  on 'a Hitachi-Perkin-Elmer RMU-7 

double  focus ing  mass spec t romete r  u s ing  a s o l i d  i n l e t  probe.  The 

s o l i d  probe tempera ture  w a s  main ta ined  a t  a v a l u e  t o  p r e v e n t  

decomposition o f  t h e  samples.  The source  tempera ture  was main- 

t a i n e d  a t  approximately t h e  tempzra ture  of  t h e  s o l i d  probe.  

Analyzer t u b e  and i o n  source  p r e s s u r e s  of less t han  10  t o r r  -6 
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1 "I 
J 

were employed. Where necessary  mass t o  charge  r a t i o s  were 

c a l i b r a t e d  w i t h  p e r f  luorokerosene .  

Nuclear  magnet ic  resonance s p e c t r a  were determined i n  

d e u t e r a t e d  chloroform and d ime thy l su l fox ide  employing a 

Var ian  A60 NMR spectrometer wi th  TMS as an i n t e r n a l  s t a n d a r d .  

Elemental  a n a l y s e s  w e r e  performed i n  t h i s  l a b o r a t o r y  us ing  

a Perkin-Elmer Model 240 carbon,  hydrogen, n i t r o g e n  a n a l y z e r .  

R e s u l t s  and Di scuss ion  - 
Highly  c r y s t a l l i n e ,  da rk  r e d  sigma-bonded o rganocoba l t  

d e r i v a t i v e s  have been  prepared  s t a r t i n g  w i t h  t h e  c o b a l t  (11) 

complex o f  t h e  p g n t a d e n t a t e  l i g a n d  d e r i v e d  from s a l i c y l a l d e h y d e  

and bis(3,3'-aminopropyl)amine Co(SALDPT). The r e a c t i o n s  have 

been c a r r i e d  o u t  i n  methanol by chemica l ly  g e n e r a t i n g  t h e  h i g h l y  

n u c l e o p h i l i c  cobalt  (I)  s p e c i e s  i n  t h e  p re sence  of t h e  a p p r o p r i a t e  

a l k y l  h a l i d e .  Reduction i n  methanol o c c u r s  on ly  under h i g h l y  

a l k a l i n e  c o n d i t i o n s  i n  t h e  p re sence  of PdC12 c a t a l y s t  sugges t ing  

a r e l a t i v e l y  h igh  C o  (11) /Co (I)  r e d u c t i o n  poten t ia l ' '  f o r  

t 
1 

11. G .  N. Sch rauze r ,  J. W.  S i b e r t  and R.  J. Windgassen, J. A r n c r .  
Chem. S O C . ,  2, 6681 ( 1 9 6 8 ) .  

Co(SALDPT). E lec t rochemica l  s t u d i e s  invo lv ing  Co(SALDPT) supp3r t  

t h i s  p o s t u l a t e .  Accordingly,  t h e  CO ( I I ) /Co  (I) p o l a r o g r a p h i c  

half-wave p o t e n t i a l  i s  observed a t  -2.8 v and t h e  Co(I ) /Co(o)  

p o t e n t i a l  of t h e  same compound i s  a t  -3.1 v ( i n  g lyme,  v s  

The s i m i l a r  r e d u c t i o n  p o t e n t i a l s  i n  going 1 2  Ag/O. 10M AgN03) . 
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12. R. E. Dessy and R .  W.  Koch, Unpublished Resul t s .  

from Co(I1)  t o  Co(1) and Co(1) t o  Co(o) a l s o  suggest  a high s p i n  
2 c o b a l t  (11) sp ,sc ies  i n  glyme. 

The  a l k y l  d e r i v a t i v e s  a r e  r e l a t i v e l y  s t a b l e  i n  s u n l i g h t ,  

a i r  and water  undergoing l i t t l e  o r  no n o t i c e a b l e  decomposition. 

Th,ey a r e  thermal ly  s t a b l e  mel t ing above 15OoC and a r e  q u i t e  

s o l u b l e  i n  chloroform and dimethylsulfoxide b u t  i n s o l u b l e  i n  

a l coho l s  and water .  Ana ly t i ca l  d a t a  suppor t ing  t h e i r  composition 

as RCo(SALDPT) a r e  shown i n  T a b l e  I .  

Calvin7 and l a t e r  more d e f i n i t i v e l y  Sacconi' have r epor t ed  

Co(SALDPT) t o  be a high-spin f ive-coordinated complexes s i n c e  

t o  d a t e  a l l  vi tamin B12 model systems have been prepared s t a r t i n g  

with low-spin e s s e n t i a l l y  square p l a n a r  c o b a l t ( I 1 )  complexes, w e  

have taken g r e a t  c a r e  t o  show t h a t  ou r  Co(SALDPT) i s  t h e  saxe as 

t h a t  r epor t ed  e a r l i e r .  I n  agreement with Sacconi,  w e  f i n d  (1) 

t h a t  t h e  yellow-brown c rude  CO(SALDPT) i s  hydra ted ,  ( 2 )  t h e  water 

may be removed :by dry ing  a t  100°C f o r  twelve hours u n d e r  reduced 

p r e s s u r e ,  ( 3 )  bo th  crude and d r i e d  Co(SALDPT) a r e  high s p i n  w i t h  

a magnetic moment equal  t o  4.15 B.M., and (4) t h e  v i s i b l e  s p e c t r a  

are s i m i l a r  except f o r  t h e  absence of a band around 6003cm i n  

o a r  Co(SALDPT). I n  c o n t r a s t  t o  Sacconi we f i n d  t h a t  r e c r y s t a l l -  

i z a t i o n  from w a r m  ethanol-water under n i t rogen  y i e l d s  n i c e l y  

formed green needles  which d i f f e r  i n  many r e s p e c t s  from t h e  

crude m a t e r i a l .  S p e c i f i c a l l y ,  (1) v i s i b l e  s p e c t r a  i n  s o l u t i o n  

and i n  t h e  s o l i d  s t a t e  a r e  d i s s i m i l a r ,  (2)  t h e  green product  

i s  e s s e n t i a l l y  diamagnetic ( 

1 

-1 

= 1 . 0  B . M . ) ,  ( 3 )  X-ray powder e f f  
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ii 

p a t t e r n s  o f  b o t h  show them t o  be d i f f e r e n t  s t r u c t u r e s  and ( 4 ) '  

CH & N a n a l y s e s  do n o t  ag ree .  Also, exposure o f  a s a t u r a t e d  

methanol s o l u t i o n  of  t h e  green  mater ia l  t o  a i r  p rec ip i t a t e s  a 

b l a c k  m a t e r i a l  which i s  suspec ted  t o  be t h e  oxygen adduct .  The 

c rude  yellow-brown mater ia l  when t r e a t e d  i n  t h e  sane  manner does 

n o t  y i e l d  a b l a c k  p r e c i p i t a t e .  Secondly,  t h e  i n f r a r e d  spectrum 

of ou r  c rude  Co(SALDPT) d i f f e r s  s i g n i f i c a n t l y  i n  t h e  N-H s t r e t c h -  

i n g  r e g i o n .  A s i n g l e  band a t  3180 c m  i s  a s s igned  t o  t h i s  

v i b r a t i o n a l  mode. Sacconi ,  i n  comparison, r e p o r t s  a band a t  

3250cm . The  l o c a t i o n  of t h e  N-H s t r e t c h i n g  mode a t  t h i s  f r e -  

-1 

7 

-1 

quency i s  i n c o n s i s t e n t  w i t h  t h e  secondary n i t r o g e n  be ing  

coord ina ted .  T h i s  f i n d i n g  i s  s u b s t a n t i a t e d  :by t h e  f a c t  t h a t  

t h e  N-H s t r e t c h i n g  mode i n  t h e  f ree  l i g a n d ,  SALDPT, which w e  

have p repa red ,  occu r s  a t  3255cm . 
, 

-1 

On t h e  o t h e r  hand, t h e  i n f r a r e d  spectra ,  m a s s  s p e c t r a  and 

r e a c t i v i t y  w i t h  a l k y l  h a l i d e s  o f  " r e c r y s t a l l i z e d "  and c rude  

m a t e r i a l  a re  i d e n t i c a l ,  The e x a c t  s t r u c t u r e  of t h i s  new green  

m a t e r i a l  i s  p r e s e n t l y  under i n v e s t i g a t i o n .  The r e s u l t s  o b t a i n e d  

t o  d a t e  p 3 s s i b l y  sugges t  magnet ic  isomers f o r  t h e s e  complexes. 

The a n a l y t i c a l  and magnetic d a t a  ob ta ined  i n  our l a b o r a t o r y  o n  

t h e s e  m a t e r i a l s  i s  shown i n  Table  11. 

I n f r a r e d  spectra o f  t h e  l i g a n d ,  p r e c u r s o r  complex, and a l k y l  

d e r i v a t i v e s  were ob ta ined  as KBr p e l l e t s  and Nujol m u l l s .  O f  

p a r t i c u l a r  i n t e r e s t  i s  t h e  p o s i t i o n  o f  t h e  N-13 s t r e t c h  and t h e  

C=N s t r e t c h i n g  v i b r a t i o n a l  mode, All of t h e  a l k y l  d e r i v a t i v e s  

behave a s  t h e  methyl d e r i v a t i v e ,  s o  i t  w i l l  be d i s c u s s e d  w i t h  
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Compound 

S A L D I P N  

co ( SALDIPN) 

M e C o  ( S A L D I P N )  

S A L D I P N  

co ( SALDIPN) 

1 M e C o  ( S A L D I P N )  

T A B L E  I11 

INFRARED DATA (ern-') 

Frequency 

3255 

3180 

3255 

1640 

1620  

1 6 2 0  

A s s  iqnmen t 

N-HS t 
N - H S t  

N - H S t  

C=Ns t 
C = N s t  

C - N S t  
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P 

the  unders tanding  t h a t  t h e  d i s c u s s i o n  could  w e l l  app ly  t o  a l l  

d e r i v a t i v e s .  The p e r t i n e n t  d a t a  i s  p r e s e n t e d  i n  Table  111. The 

drop  of  20cm-I i n  t h e  p o s i t i o n  o f  t h e  C=N s t r e t c h  be tween t h e  

l i g a n d  and two complexes may be a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  

imine n i t r o g e n  i s  coord ina ted  which reduces  t h e  bond o r d e r  of  

t h e  C=N and lowers  t h e  s t r e t c h i n g  frequency.  

One w i l l  n o t i c e  t h a t  t h i s  s h i f t  of 20cm-1 i s  no t  a s  g r e a t  

a s  t h e  s h i f t  of  35cm-1 observed wi th  Ni(X-SALDIEN) and Ni(X-SALDAES) 

complexes. I t  has  been shown p r e v i o u s l y  t h a t  c o o r d i n a t i o n  of  a 

donor atom i n  an a x i a l  p o s i t i o n  weakens t h e  in-p lane  l i g a n d  f i e l d  

s t renr r th .  I n  o t h e r  words, t h e  in -p lane  donor  atoms a re  n o t  

coord ina ted  a s  s t r o n g l y  a s  b e f o r e .  This s t r e n g t h e n s  o u r  

c o n t e n t i o n  t h a t  t h e  secondary N-H i n  t h e  Co(SALDPT) i s  coord ina ted .  

Of p a r t i c u l a r  i n t e r e s t  i s  t h e  f l u c t u a t i n g  p o s i t i o n  of t h e  

N-H s t r e t c h i n g  mode. When Co(SALDPT) i s  conver ted  t o  RCoSALDPT, 

one obse rves  t h a t  t h e  N-H s t r e t c h  r e t u r n s  t o  t h e  p o s i t i o n  i n  t h e  

f r e e  l i g a n d .  T h i s  s u g g e s t s  t h a t  RCoSALDPT may be a f i v e -  

c o o r d i n a t e  s p e c i e s  o r  a s ix -coord ina te  s t r u c t u r e  i n  which t h e  

secondary n i t r o g e n  i s  very  weakly bound t o  t h e  c o b a l t .  I n  o t h e r  

words, b o t h  Co(SALDPT) and RCo(SALDPT) may p o s s i b l y  be f i v e -  

c o o r d i n a t e ;  however, t h e  d i f f e r e n c e  i s  i n  t h e  groups coord ina ted  

t o  t h e  c o b a l t ,  s t r u c t u r e  I I I a  and IIIb.  It has  been shown t h a t  

a l k y l  l i g a n d s  a c t  a s  s t r o n q  donors  o f t e n  g i v i n g  r i s e  t o  f i v e -  

c o o r d i n a t e  complexes b y  g r e a t l y  weakening t h e  donor-metal bond 
1 3  t r a n s  t o  i t .  
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13 .  H .  A. 0. H i l l ,  J. M .  P r a t t  and R -  J. P .  Wi l l iams ,  D i s c .  
Faraday SOC.,  47, 165 (1969) .  

IIIa 

The i n f r a r e d  s p e c t r a  of  a l l  de r iva t ives show peaks  around 2955 and 

2890 c m - l  which can  be as s igned  t o  t h e  a l i p h a t i c  C-H s t r e t c h i n g  

modes f o r  a methyl group,  TABLE I. 

can  be as s igned  t o  a methyl bending  mode. These bands a re  t o t a l l y  

\ Also a band around 1385 cm"' 

unique t o  t h e  a l k y l  d e r i v a t i v e s  ( i . e .  t h e y  a re  n o t  p r e s e n t  i n  t h e  

spectrum of  t h e  p a r e n t  complex) and coupled wi th  t h e  p re sence  of a 

r e l a t i v e l y  s t r o n g  secondary ni t rogen-hydrogen s t r e t c h i n g  mode 

s u p p o r t s  t h e  fo rmula t ion  as RCO(SALDPT) .  

Mass s p e c t r a  w e r e  determined on t h e  a l k y l  d e r i v a t i v e s  employ- 

ing  c o n d i t i o n s  d e s c r i b e d  e a r l i e r .  

C2H5, n-C H 

(1) t h e  p a r e n t  i o n ,  ( 2 )  t h e  p a r e n t  i o n  less R and (3 )  t h e  f r e e  

l i g a n d  TABLE IV- I n  t h e  c a s e s  f o r  R=C6, 

molecular  i o n  was d e t e c t e d  b u t  m / e  cor responding  t o  t h e  complex 

Co(SRLIDPT) was observed.  However, i n  eve ry  c a s e  t h e r e  were 

p 3 t t e r n s  a s s o c i a t e d  w i t h  f r agmen ta t ion  of the  a p p r o p r i a t e  a lkane .  

For  d e r i v a t i v e s  w i t h  R=CH3, 

n-C4Hg and n-C51-I11, m / e  peaks were observed f o r  3 7 '  

no C 7 '  ca t  and C 1 0 '  
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TABLE I V  
a 

M a s s  Spectral  D a t a  on t h e  A l k y l  D e r i v a t i v e s  

COMPOUND MOLECULAR 
FORMULA 

PROBE I S O T O P I C  
TEMP.  OC C L U S T E R  

- 411,412 M e - C o S A L D I P N  

E t  - C o S A L D I P N  C22H28N302Co 110 425,426 

P r - C o S A L D I P N  C23H32N302Co 145 439,440 

C21H26N302Co 

Bu-COSALDIPN C24H3 2N302C0 135 453,454 

P e n t - C o S A L D I P N  C25H34N302Co 125 467,463 

a Isotope pa t te rns  f o r  C X 3  w e r e  observed f o r  t h e  complexes 
b u t  are n o t  inc luded  here .  
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TABLE V 

NMR D a t a  on t h e  Alkyl  Complexes 

ComDound Ranqe o r  P o s i t i o n  ( 0  - ) Assiqnment 

CH3-Co (SALDIPN) 7.54-6.40 v i n y l  and aromatic 

4.24 p ro ton  on secondary 

3.36-2.04 

p r o t o n s  

n i t r o g e n  
t h e  CH3 bonded t o  t h e  
metal and t h e  methylene 
p r o t o n s  on t h e  backbone 
cha in .  

C2H5-Co (SALDIPN) 7.64-6.2 v i n y l  and aromatic 
p r o t o n s  

n i t r o g e n  

on t h e  e t h y l  group 
p l u s  t h e  methylene 
p r o t o n s  on t h e  back- 
bone c h a i n  

.4 ( t r i p l e t )  methyl group on 
t h e  e t h y l  group 
bound t o  t h e  metal 

4.24 p r o t o n  on t h e  secondary 

3.32-2.00 U-methylene p r o t o n s  
I 

7 -12-6.20 v i n y l  and a romat i c  

4.20 p r o t o n  on secondary 

3.34-2 . O O  U a n d a  methylene 

p r o t o n s  

n i t r o g e n  

p r o t o n s  on t h e  p r o p y l  
group p l u s  t h e  methyl- 
ene p r o t o n s  on t h e  
backbone c h a i n  

1.0 (doubled) methyl p r o t o n s  on t h e  
p ropy l  group a t t a c h e d  
t o  t h e  c o b a l t  

C3H7 -CO (SALDIPN) 
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For  i n s t a n c e ,  i n  t h e  c d e r i v a t i v e  an m/e  = ' 1 4 2  cor responding  10 
4 was observed a long  wi th  t h e  f r agmen ta t ion  expec ted  to 5 O H 2 2  

f r o =  t h i s  a lkane .  Each spectrum was scanned above t h e  p a r e n t  m/e 

t o  check f o r  dimzr format ion  b u t  no such ptzaks were observed which 

l e n d s  s t r o n g  sup2or t  t o  a composi t ion o f  RCo(SALDPT) i n  t h e  gas  

phase.  

Nuclear  magnet ic  resonance spectra w e r e  o b t a i n e d  on t h e  

R = CH3, C2H5, and C3H7 d e r i v a t i v e s  i n  d -d imethylsu l foxide .  

The s e t  of d a t a  ob ta ined  from t h e s e  s p e c t r a  i s  p r e s e n t e d  i n  

TABLE V. The assignment  of t h e  a l k y l  methylene protoi1s l y i n g  

6 

c l o s e s t  t o  t h e  meta l  was n o t  p.Dssible because they  f e l l  i n  t h e  

ranqe found f o r  t h e  methylene p r o t o n s  on t h e  backbone cha in .  

i I n v e s t i g a t i o n  of t h e  f r e e  l i g a n d  o f f e r e d  no a s s i s t a n c e  i n  e l u c i d a t -  

i n g  t h e  p o s i t i o n  o f  t h e  p r o t o n s  under c o n s i d e r a t i o n .  However, t h e  

app.?arance a t  r e l a t i v e l y  h igh  f i e l d  o f  a t r i p l e t  i n  t h e  case of  

t h e  e t h y l  d e r i v a t i v e  and a p o o r l y  r e so lved  doub le t  i n  t h e  spectrum 

o f  t h e  p ropy l  d e r i v a t i v e  conf i rms  t h e  a l k y l  group i s  a t t a c h e d  t o  

t h e  c o b a l t  atom. The remaining ass ignments  shown i n  Table V a r e  

c o n s i s t e n t  w i t h  t h e  proposed l i g a n d  s t r u c t u r e .  

V i s i b l e  s p e c t r a  i n  t h e  s o l i d  s t a t e  of t h e  a l k y l  d e r i v a t i v e s  

are c o n s i s t e n t  w i t h  a pseudo-oc tahedra l  environment around a l o w  

s p i n  C o ( I I 1 )  i o n ,  TABLE V I .  Two Lapqr t e  fo rb idden  d-3 t r a n s i t i o n s  

a r e  p r e d i c t e d  from t h e  energy l e v e l  diagram shown i n  F i g u r e  1 f o r  

a r e g u l a r  o c t a h e d r a l  C o ( 1 I I )  complex. However, i n  our  c a s e ,  non- 

e q u i v a l e n t  donor a t o n s  g i v e  r i s e  t o  a s t r u c t u r e  of lower symmetry, 

t he reby  c a u s i n g  a s p l i t t i n g  of  t h e %  l e v e l .  The I T  is no t  
19- 29- 
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s p l i t  enough t o  be observed as p r e d i c t e d  by t h e o r e t i c a l  r e s u l t s .  

W e  observe  t h r e e  t r a n s i t i o n s  i n  t h e  v i s ib le  reg ion  

a s s i g n a b l e  t o  t r a n s i t i o n s  from t h e  ’A t o  t h e  t h r e e  e x c i t e d  
19- 

s t a t e s .  T h i s  s u g g e s t s  a pseudo-octahedral  environment f o r  t h e  

metal i o n .  The appa ren t  c o n t r a d i c t i o n  w i t h  the  i n f r a r e d  d a t a  

may be eyp la ined  by assuming t h a t  t h e  secondary n i t r o g e n  does  n o t  

fo.-m a ground s t a t e  bond w i t h  t h e  m e t a l  atom b u t  does o f f e r  some 

degree  of p e r t u r b a t i o n .  

W!ien t h e  a l k y l  d e r i v a t i v e s  are p l a c e d  i n  CHC13 w i t h  a 

minimum expDsure t o  any l i g h t ,  t h e  v i s i b l e  s p e c t r u m  e x h i b i t s  t h e  

t h r e e  p r e v i o u s l y  d i s c u s s e d  band maxima and a new band ca 15,500cm . -1 

Bands i n  t h i s  r e g i o n  have been  a s s igned  t o  t r a n s i t i o n s  r e s u l t i n g  

i from f i v e  c o o r d i n a t e  geometry. It i s  p o s t u l a t e d  t h a t  i n  C R C l 3  

s o l u t i o n ,  two species are p r e s e n t ,  one b e i n g  f ive -coord ina te  and 

t h e  o t h e r  b e i n g  s i x - c o o r d i n a t e ,  

I f  t h e s e  same s o l u t i o n s  a r e  exposed t o  normal d a y l i g h t  an 

i n c r e a s e  i n  i n t e n s i t y  o f  t h e  band a t  15,50Ocm-’ i s  observed 

a long  w i t h  a dec rease  i n  i n t e n s i t y  of t h e  18,50Ocm-’ band,  which 

i n d i c a t e s  t h a t  t h e  s p e c i e s  i s  p o s s i b l y  go ing  more toward t h e  

f i v e - c o o r d i n a t e  s p e c i e s  i n  C H C l  when exposed t o  l i g h t .  A s i m i l a r  

phenomenon i s  observed i n  d ime thy l su l fox ide .  A p robab le  r e a c t i o n  
3 

scheme i s  shown below. 
R 
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r e g u l a r  octa.  d i s t o r t e d  octa .  

F i g u r e  1 
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It may b e  argued t h a t  f i v e - c o o r d i n a t i o n  could  a r i s e  from 

d e a l k y l a t i o n  of t h e  molecule i n  t h e  p re sence  of  l i g h t .  G a s  

chromatography was employed t o  t e s t  t h i s  p o s s i b i l i t y .  A sample 

o f  Me-CoSALDPT-was d i s s o l v e d  i n  CHC13, s t oppe red  and p l a c e d  

i n  t h e  l i g h t  f o r  two days .  Samples o f  t h e  vapor  above t h e  

s o l u t i o n  w e r e  t aken  and analyzed.  No peaks a s s i g n a b l e  t o  t h e  

p re sence  of an a lkane  were observed i n  t h e  g a s  chromatograms. 

Samples of t h e  l a b o r a t o r y  gas  l i n e  were t aken  a s  s t a n d a r d s  and 

compared w i t h  t h e  vapor  above t h e  s o l u t i o n .  

The a l k y l  d e r i v a t i v e s  r e s u l t  on ly  from t h e  r e a c t i o n  o f  

pr imary a l k y l  h a l i d e s  and n o t  secondary o r  t e r t i a r y  ones .  

Numerous r e a c t i o n s  w e r e  a t tempted  us ing  secondary,  t e r t i a r y ,  

u n s a t u r a t e d ,  a c y l  and d i - h a l i d e s  b u t  w i t h o u t  success .  I t  can be 

shown from molecular  models t h a t  a secondary a l k y l  h a l i d e  r e s u l t s  

i n  a group which i s  t o o  bulky  t o  occupy t h e  s i x t h  p o s i t i o n .  

Secondary and t e r t i a r y  h a l i d e s  p l a c e  methyl groups i n  p o s i t i o n s  

which a r e  v e r y  c l o s e  t o  t h e  r e g i o n  of t h e  benzene a romat ic  c loud  

of e l e c t r o n s .  The benzene r i n g s  a r e  f o r c e d  t o  bend o u t  of  t h e  

CoN202  p l a n e  and from t h e  secondary n i t r o g e n  i n  o r d e r  f o r  it t o  

coord ina te .  Hence t h i s  p r e v e n t s  t h e  fo rma t ion  of a sigma a l k y l  

carbon-cobal t  bond w i t h  l a r g e  and bulky o r g a n i c  groups.  

/ 

There i s  a d i s t i n c t  dependence on t h e  h a l i d e  an ion  i n s o f a r  

as t h e  r a t e  i s  concerned. Chloro d e r i v a t i v e s  seem t o  g i v e  no 

r e a c t i o n  a t  a l l .  Bromo d e r i v a t i v e s  r e a c t  v e r y  s lowly .  However, 

iodo d e r i v a t i v e s  react ve ry  r a p i d l y ;  i n  f a c t ,  t h e  p roduc t  forms 

alrrost  immediately a s  soon a s  t h e  pH i s  a d j u s t e d .  
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ELECTROCATALYSIS OF THE OXIDATION OF ORGANIC 
FUEL MATERIALS USING AN OXIDATION-REDUCTION 

COUPLE AS CATALYST 

One of t h e  major problems i n  f u e l  cell  technology is the  slow e lec t ro -  

chemical rate of oxidation of organic f u e l  materials a t  normal temperatures. 

It is  highly des i r ab le  t o  explore q u a n t i t a t i v e l y  t h e  methods by which such slow 

reac t ions  may be catalyzed. One method which has been proposed b u t  no t  quanti- 

t a t i v e l y  t e s t e d  is  t h e  use of a r eve r s ib l e  oxidation-reduction couple as a cat- 

a l y s t .  Cata lys i s  would occur JT& the  sequence of reac t ions  a t  the  e lec t rode :  

M r  = M + ne (electrochemical) (1) 
0 

Mo + S r E  Mr + So (chemical) (2 1 

In  t h i s  sequence Mo and M represent  the  oxidized and reduced forms of 

a r eve r s ib l e  redox system and S and S t h e  reduced and oxidized forms of the  

organic s u b s t r a t e .  

of t h e  Mr takes p lace  and t h e  oxidation of the  f u e l  occurs a t  the  rate a t  which 

M is  oxidized. Since by t h e  d e f i n i t i o n  of r e v e r s i b i l i t y ,  t h i s  r eac t ion  is 

rap id ,  c a t a l y s i s  i s  the  n e t  r e s u l t .  

r 

r 0 

It i s  seen t h a t  i f  Mo reacts rap id ly  wi th  Sr, regeneration 1 

r 

The purpose of t h i s  research w a s  t he re fo re  t o  explore the  f e a s i b i l i t y  of 

c a t a l y s i s  of t h e  oxidation of organic f u e l  materials by redox couples. 

order t o  do t h i s ,  t he  research w a s  separa ted  i n t o  two p a r t s ,  one dealing wi th  

I n  

the  e f f e c t  of noble metal sur faces  on inorganic oxidation reduction reac t ions ;  

t he  other,  k i n e t i c  s t u d i e s  of t h e  oxidation of organic subs t r a t e s  by a simple 

electrochemically r e v e r s i b l e  couple. The f i r s t  study w a s  f e l t  necessary s i n c e  

heterogeneous c a t a l y s i s  of numerous inorganic  redox r eac t ions  by noble metal 

su r f  aces had been reported and a mechanism proposed but  not quan t i t a t ive ly  

v e r i f i e d .  The second w a s  needed because of l imi t ed  ava i l ab le  da t a  on the  rates 

of oxidation of organic materials by inorganic systems. The f i r s t  study 

r e l a t e d  t o  both reac t ions  (1) and (2); t he  second t o  reac t ion  (2). 
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I, Heterogeneous Cata lys i s  of Inorganic Redox Reactions by Noble Metal Surfaces. 

Spiro and Ravno [J, Chem. SOC., 78, (1965)l t abula ted  a l l  ava i l ab le  d a t a  

on the  e f f e c t  of platinum su r faces  on the  k i n e t i c s  of redox reactionsb The pos- 

t u l a t e d  t h a t  t h e  c a t a l y t i c  e f f e c t  w a s  due t o  t h e  su r face  functioning as an elec- 

t rode  i n  most cases. For t h e  r eac t ion  

OX1 + Red2 = Redl + OX2 

i f  the  electrochemical rate o f , t h e  conversion of OX 

t h e  chemical rate of OX wi th  Red at the  p o t e n t i a l  e s t ab l i shed  a t  t h e  e lec t rode  1 2 

su r face  c a t a l y s i s  would r e s u l t  which would be p o t e n t i a l  dependent and l imi t ed  by 

t o  Redl w a s  f a s t e r  than 1 

the  slower of t he  two electrochemical reac t ions .  I f  both systems were e lec t ro-  

chemically r eve r s ib l e ,  the  c a t a l y t i c  rate would depend upon t h e  mass t r anspor t  

of material t o  the sur face ,  however, i f  one couple were i r r e v e r s i b l e  e l ec t ro -  

chemically, t h e  rate would be p o t e n t i a l  dependent and be determined by the ir- 
- 

r eve r s ib l e  couple, 

from curren t  - vol tage  curves f o r  tho two systems involved ObtainCd Independonrly. 

In  e i t h e r  event the  rate of reac t ion  would be p red ic t ab le  
> 

. N o  q u a n t i t a t i v e  d a t a  were presented t o  support t h i s  conclusion, Of a l l  the 

reac t ions  l i s t e d ,  only the  oxidation of i ron ( I1 )  by tha l l ium(I1)  had only 

semiquant i ta t ive  r e s u l t s  reported f o r  t he  c a t a l y t i c  ac t ion  of platinum, This 

system w a s  chosen f o r  d e t a i l e d  i n i t i a l  study. 

The uncatalyzed r eac t ion  had been thoroughly s tudied  by Ashurst and 

Higginson (j. Chem. SOC., 3044, 1953) and t h e  following mechanism proposed: 

Fe(I1) + T l ( I I I ) &  T1(II)  + Fe(II1) 

Fe(1I) + T l ( I 1 )  - - 3 T l ( I )  + Fe(I I1)  

Consistent with t h i s  mechanism w a s  r e t a rda t ion  of t h e  r eac t ion  by Fe(II1) pro- 

duced during t h e  reac t ion  as w e l l  as Fe( I I1)  added i n i t i a l l y .  Gilks and Waird 

[Discuss. Faraday Sobo, 29, 102, (1960)l reported t h a t  t h e  addi t ion  of a l a r g e  

square of platinum eliminated 

Y 
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\ the  r e t a rda t ion  by Fe( I I1)  observed during one run by ca ta lyz ing  the  Fe(I1) - 
a , 

T l ( I 1 )  r eac t ion  b u t  only one run w a s  published. The approach adopted by us 

w a s  f i r s t  d e t a i l e d  v e r i f i c a t i o n  of t he  uncatalyzed rate da ta  of Ashurst and 

Higginson followed by v e r i f i c a t i o n  of t he  reported e f f e c t  of Gilks  and Waird. 

Table I shows some of the  r e s u l t s  obtained f o r  t h e  uncatalyzed reac t ion .  

These r e s u l t s  q u a n t i t a t i v e l y  v e r i f y  the  r e s u l t s  previously reported.  The 

methods f o r  ob ta in ing  the  rate d a t a  were those employed by t h e  previous workers. 

A t t e m p t s  t o  reproduce the  c a t a l y s i s  using a platinum f o i l  e l e c t r o d e  are shown 

i n  Table I1 where Experiments A-L record d i f f e r e n t  methods of c leaning t h e  f o i l  

between runs. The s p e c i f i c  rate constant k, r e f e r s  t o  the i n i t i a l  second order  

rate constant  obtained before  any depar ture  from second order  k i n e t i c s  w a s  

observed. In our  hands a reproducible  platinum su r face  using platinum f o i l  w a s  

n o t  obtained . 
I A t  t h i s  po in t ,  a d i f f e r e n t  approach w a s  attempted. A pyrex cy l inder  w a s  

prepared and coated wi th  Englehard Bright  Platinum so lu t ion ,  (or  Br ight  Gold) 

air dr ied ,  then vacuum dr i ed  a t  60OOC.  The cy l inder  w a s  wired as an e l ec t rode  

by connecting a platinum w i r e  t o  the  su r face  coat ing and i n s e r t e d  i n  a l a r g e  

r eac t ion  vessel designed f o r  rap id  mixing. Mixing was achieved by constant  

speed magnetic s t i r r i n g .  Af t e r  s e v e r a l  prel iminary condi t ioning runs , rate da ta  

became h ighly  reproducible .  

o the r  reac t ions ,  then used again f o r  checks on t h e  tha l l ium(I I1) - i ron( I1)  

Electrodes prepared i n  t h i s  way could be  used f o r  

r eac t ion  with e x c e l l e n t  r ep roduc ib i l i t y .  

Figure I shows r ep resen ta t ive  rate curves obtained a t  such su r faces  as 

a funct ion of s u r f a c e  area. It is  obvious t h a t  a t  long t i m e s  curva ture  occurs 

i n  an upward d i r e c t i o n  when the  d a t a  are p l o t t e d  as a simple second order  k i n e t i c  

funct ion.  

The d a t a  were analyzed by determining the  instantaneous catalyzed rate 
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by subt rac t ion  of the  instantaneous uncatalyzed rate from the instantaneous ob- 

served rate. Figure 

I1 shows a p l o t  of t h e  instantaneous catalyzed rate of disappearance of Fe(I1) 

versus the  [Fe( I I ) ] .  The l i n e a r i t y  of t h i s  r e s u l t  e s t a b l i s h e s  the r eac t ion  t o  

be f i r s t  order i n  Fe(,II) and independent of T l ( I I 1 )  under these  r eac t ion  con- 

d i t i o n s  (which were T l ( I I 1 )  i n  g r e a t e r  than s to ich iometr ic  amounts). Similar 

experiments wi th  excess Fe(1I) es tab l i shed  a f i r s t  order dependence on TE(II1). 

The rate determining s t e p  i n  t h i s  forced convective system appeared t o  be mass 

t r anspor t  t o  t h e  c a t a l y s t  sur face ,  t h e  rate being determined by the  spec ies  

with the  slower mass t r anspor t  rate. 

The rate l a w  f o r  the catalyzed reac t ion  was then sought. 

To test t h i s ,  cu r ren t  vo l tage  curves were obtained f o r  t he  spec ies  in- 

d iv idua l ly  and e l e c t r o l y s e s  were performed i n  the  l i m i t i n g  cu r ren t  region. The 

rate of e l e c t r o l y s i s  w a s  monitored chemically and the  mass t r anspor t  rate con- 

s t a n t  evaluated as shown i n  Fig. 111. For a given s u r f a c e  area, it  w a s  estab- 

l i s h e d  t h a t  t h e  rate constant f o r  c a t a l y s i s  w a s  wi th in  5% of t h e  mass t r anspor t  
j 

rate constant f o r  t he  rate determining ion. The cur ren t  - vol tage  curves showed 

t o t a l  i r r e v e r s i b i l i t y  of both couples and t h a t  a t  t h e  p o t e n t i a l s  e s t ab l i shed  a t  

t h e  e l ec t rode  su r face  during the  catalyzed runs only 10% of the  observed rate 

would be pred ic ted  from cur ren t  - vol tage  curves. Additional experiments using 

an e l e c t r o l y s i s  c e l l  with Fe(I1) i n  one compartment and T l ( I I 1 )  i n  another wi th  

a l a r g e  s a l t  b r idge  connecting the  two and e l ec t rodes  i d e n t i c a l  t o  those  used 

i n  k i n e t i c  runs e s t ab l i shed  a very slow electrochemical reac t ion .  The conclusions 

are t h a t  t h e  r eac t ion  is catalyzed a t  the e l ec t rode  su r face ,  the  c a t a l y s i s  i s  

chemical no t  electrochemical,  and although t h e  electrochemical system i s  irrever- 

s i b l e ,  the  ca ta lyzed  rate is mass t r anspor t  cont ro l led .  I n  a l l  cases the  observed 

rate constant w a s  p ropor t iona l  t o  the  su r face  area as shown i n  Fig. I V .  

Similar i nves t iga t ions  w e r e  conducted on the  Fe(I1)-b-benzoquinone, cerium(1V) - 
mercury(I), cerium(1V) - t ha l l i um( I ) ,  and cerium(1V) - water reac t ions .  With the 
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I 

exception of t h e  ceriuni(1V) - water reac t ion ,  a l l  reac t ions  showed t o t a l l y  ir- 

r eve r s ib l e  electrochemical behavior wi th  m a s s  t r anspor t  cont ro l led  c a t a l y s i s .  

I n  cases when both the  c a t a l y t i c  rate constant and the  m a s s  t r anspor t  rate con- 

stant could be  evaluated these  rate cons tan ts  were i d e n t i c a l  as shown i n  Table 111. 

" I  

11. The Kine t ics  of t h e  Oxidation of Alcohols Using Electrogenerated Halogens 

This p a r t  of t h e  research w a s  an attempt t o  obta in  q u a n t i t a t i v e  information 

concerning t h e  oxidation of alcohols i n  ac id  so lu t ion  using e lec t rogenera ted  

ch lor ine  and bromine. Isopropanol and cyclohexanol were chosen f o r  investiga- 

t i o n  because previous work had been the  sub jec t  of some debate. 

The experimental technique f o r  t h e  determination of the  rate cons tan ts  

w a s  t h e  coulometric generation o f  C12 o r  B r  

t i o n  containing t h e  alcohol,  ac id ,  and t h e  appropriate sodium ha l ide .  R a t e  

a t  a platinum e lec t rode  i n  a soh- 
- 2  

data 'were obtained by stopping t h e  generation of t h e  halogen and monitoring the  

decay of halogen amperometrically. I I n  t h i s  way pseudo-first order rate cons tan ts  

were obtained whichfwere converted t o  second order rate constants by p l o t t i n g  

t h e  pseudo f i r s t  order rate constants 5 t h e  alcohol concentration. As t h i s  

work i s  p a r t  of a t h e s i s  (M.S.) s t i l l  i n  preparation, fewer d e t a i l s  w i l l  be 

given as the  f i n a l  r e s u l t s  are not firm. 

A. C1 Oxidation of 2-Propanol. 2 
The rate l a w  found i s  

The rate is unaffected by C1- 01: acid.  The products as analyzed by gas chroma- 

tography i n d i c a t e  acetone, bu t  no chloro ketone. The rate is s u f f i c i e n t l y  r ap id  

t o  prevent buildup of undesirable amounts of C12. 
, ... 

B. Chlorine Oxidation of Cyclohexanol 

The rate l a w  is 

-d [ C 1 2  3 
= k [C12] [alcohol] 

d t  



Table 111. Summary of the  C a t a l y t i c  

and Mass Transport Rate Constants 

General React5on: A + 2B ----9 Products 

Rxn. A B 4 kmAx10 k x10 4 kmBx10 4 k x10 
B c a t  A cat - 

A T1( 111) Fe (11) 1.6 1.6 2.7  2 . 7  
// 

4.0 --- B Q Fe(I1) 5.5 5.5 

D Tl(1) Ce(1V) 5.0 3.2 3.2 

3.2 E 

--- 

e k C e  (IV) --e --- 
H2° 
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w i t h  complications occurring a t  high alcohol concentration where the  r a t e  be- 

conies f a s t e r  than described, This is  a t t r i b u t e d  t o  a buildup of ketone i n  the  

* E  

r eac t ion  mixture and shown t o  be a function of the t i m e  of generation used p r i o r  

t o  making k i n e t i c  measurements. Additions of cyclohexanone produce t h e  same 

e f f e c t  on t h e  consumption of el2. 

chromatography reveal s e v e r a l  products bu t  no ch lor ina ted  ketone. 

Product ana lys i s  of r eac t ion  mixtures by gas 

Extensive 

oxidation appears t o  have occurred. 

C. Bromine Oxidation of 2-Propanol. 

Bromine oxidation has  been found t o  be a complex func t ion  of 

the bromide i o n  concentration and the  ac id i ty .  The rate l a w  i s  

-d l B r 2  1 k2 [ B r 2 ]  [alcohol J 
c 

d t  I +  K[Br-] 

where both K and k are functions of a c i d i t y .  The r eac t ion  is  re ta rded  by 2 

b 
acid.  The K i n  t h e  denominator does not correspond t o  t h e  expected R f o r  the  

as measured i n  these so lu t ions  by d i s t r i b u t i o n  - 2  - equilibrium B r 2  + B r  < Br3 

measurements. 

of ac id i ty .  Detailed experiments are cur ren t ly  i n  progress. 

The formation constant f o r  Br- has  been found t o  be independent 3 
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THERMAL AND ELECTRICAL TRANSPORT IN A TUNGSTEN CRYSTAL 

FOR STRONG MAGNETIC FIELDS AND LOW TEMPERATURES$' 

Jerome R. Long 

Department of Physics, 

Virginia Polytechnic Institute and State University, 

Blacksburg, Virginia 24061 

Direct-current electrical and thermal transport coefficients were ex- 

perimentally determined in a very pure tungsten crystal at six temperatures 

in the range 1.4 K to 4.1 K and at magnetic fields up to 22 kOe. The field 

was applied along a [loo] axis and each of the coefficients measured along 

an equivalent <loo> direction. Kinetic coefficients computed fro= zhe data 

were interpreted in terms of a Sondheimer-Wilson type, multi-band, reiaxa- 

tion time model. 

literature on the fenniology of tungsten. 

The results were generally consistent with the exterslve 
,I 

Galvanomagnetic data w a s  ap?m;r- 

imately independent of temperature, a result implying elastic scatterizg a d .  

a common relaxation time for all transport effects, but the field dependence 
# 

and magnitude of the thermal and Righi-Leduc resistivities were borh dis- 

tinctly less than that predicted by the Wiedemann-Franz law when a rsasozizle 

value of the lattice conductivity was assumed. A density of states c o q u t e Z  

from the Nernsr-Ettinghausen coefficient w8s consistent with values reported 

from specific heat measurements, but displayed an anomalous temperaiura de- 

pendence similar t o  that of the Righi-Leduc coefficient. 
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I, Introduction 

The temperature  and magnetic f i e l d  dependence of s i x  galvanomagnetic 

and thermomagnetic t r anspor t  c o e f f i c i e n t s  of a tungsten monocrystal are re- 

ported here. The dc  measurements were performed a t  l i q u i d  helium-4 t a p e r -  

a t u r e s  i n  magnetic f i e l d s  up t o  22 kOc d i rec t ed  along a [ loo]  a i s  trans- 

verse t o  t h e  plane of t h e  e f f e c t s  i n  t h e  body centered cubic c r y s t a l .  

Provided t h e  magnetic f i e l d  is  applied along a n  axis of t h ree ,  fou r ,  

o r  six-fold r o t a t i o n a l  symmetry, and t h e  electrical  and thermal f luxes  are 

constrained t o  t h e  p lane  normal t o  t h a t  axis, only six k i n e t i c  t ransporr  

c o e f f i c i e n t s  are required t o  determine a l l  of t h e  thernogalvanomagnetic 

phenomena i n  a metallic c r y s t a l .  The transverse-even eg fec t s  vanish,  and 

t h e  six k i n e t i c  c o e f f i c i e n t s  are ca l cu lab le  i n  terms of only six measurable 

non-kinetic c o e f f i c i e n t s  . This is  a consequence of t h e  Onsager r e l a t i o n s .  

A study of t r anspor t  phenomena is motivated by two d i s t i n c t ,  bu t  

' 

coupled, goals.  F i r s t ,  one would l i k e  t o  use  t h e  t r anspor t  e f f e c t s  as a 

t o o l  f o r  i nves t iga t ing  t h e  s t r u c t u r e  and dynamics of t h e  e l ec t ron - l ac t i ce  

de fec t  system i n  a class of materials. Secondly one wishes t o  understand 

. '  
i 
I* 

mechanisms present  i n  t h e  t r anspor t  process and t o  determine t h e  r e l a t i v e  

importance of those mechanisms which are active i n  a given material under 

a s p e c i f i c  set of conditions.  The measurements repor ted  he re  w e r e  pri iaarily 

d i r ec t ed  toward t h e  second of t hese  goals.  The successes of fermi-surfack 

s tud ie s3  over t h e  p a s t  decade have made i t  poss ib l e  t o  seek  a rcuch m r e  d e  

t a i l e d  i n t e r p r e t a t i o n  of t r anspor t  processes on t h e  fermi su r face  ~hsn w a s  

poss ib l e  earlier. Improvements i n  experimental f a c i l i t i e s  and sample  q u a l i t y  

are also very s i g n i f i c a n t .  . 
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Much of ex tan t  t r anspor t  d a t a  was obtained when our knowledge 

of fermi-surfaces w a s  poor. I n  add i t ion ,  t h e  l a r g e  impurity content 

of most samples r e su l t ed  i n  a masking of t h e  i n t r i n s i c  s c a t t e r i n g  

mechanisms a t  low temperatures, a s i t u a t i o n  which may a c t u a l l y  favor  

t h e  f i r s t  of t he  above s t a t e d  goa ls ,  bu t  which severely l i m i t s  t h e  

second. Tungsten i s  r ep resen ta t ive  of t h e  above s i t u a t i o n .  

Tungsten, a t r a n s i t i o n  metal of t h e  s i x t h  group and period, 

has been a v a i l a b l e  i n  monocrystalline form with r e l a t i v e l y  high 

pu r i ty  f o r  a longer t i m e  than most o the r  metals. The behavior of 

electrical and thermal t r anspor t  c o e f f i c i e n t s  of tungsten i n  a 

magnetic f i e l d  w a s  i nves t iga t ed  as e a r l y  as 1936 by J u s t i  and 
4 5 

Scheffers and by Gruneisen and Adenstedt. An extended series 

of measurements of t h e  thermal and electrical magne to res i s t i v i t i e s  

by de Haas and de  Nobel are p a r t i c u l a r l y  r e l evan t  

t o  t h e  thermal measurements repor ted  here.  Except f o r  t h e  rela- 

t i v e l y  high temperature work of van Witzenburg and Laubitz,  

6 738  
and de  Nobel 

_i 

. -  
9 s 

work 

on t h e  very high p u r i t y  tungsten now a v a i l a b l e  has no t  considered 

the  problem of thermal t r anspor t .  

been s tud ied  by Ber the l  

galvanomagnetic e f f e c t s  were measured by Fawcett, 

Reed and by Volkenshteyn e t  a l .  The low temperature magneto- 

The e l e c t r i c a l  r e s i s t i v i t y  has 

while t h e  
1 0  11 

and by Volkenshteyn e t  al . ,  
12 

by Fawcett and 
13 14 

thermoelectric,  Nernst and Righi-Leduc e f f e c t s  repor ted  here  do noc 

appear  t o  have been s tud ied  previously.  

References t o  t h e  ex tens ive  experimental l i t e r a t u r e  on t h e  closed, 

compensated fermi-surface of tungsten may be found i n  t h e  d e  Iiaas- van 

Alphen work of Girvan, Gold and P h i l l i p s  

s t r u c t u r e  ca l cu la t ions  were done by Loucks 

15 
whi le  t h e o r e t i c a l  APW band 

16  17 
and by Mattheiss 
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following t h e  model of Lomerl'. 
I ,  

I n  s e c t i o n  11, following these  in t roductory  paragraphs, t h e  

phenomenological d e f i n i t i o n s  and elementary microscopic theory of 

t h e  magneto-transport c o e f f i c i e n t s  are reviewed. 

with p e r t i n e n t  experimental aspects of t h e  work. The r e s u l t s  and 

an elementary i n t e r p r e t a t i o n  of each type  of measurement are then 

presented. A more d e t a i l e d  i n t e r p r e t a t i o n  of certain p a r t s  of t h i s '  

work w i l l  be found in a following paper. 

reported p e r t a i n  t o  t r anspor t  e f f e c t s  w i th  a monotonic dependence on 

t h e  magnetic f i e l d .  

Landau quantizationao were not measured. 

Section I11 d e a l s  

A l l  of t h e  measurements 

Osc i l l a to ry  phenomena due t o  s i z e  e f f ec t19  o r  

11. Theory 

The Onsager formulation' '2 of t h e  thermodynamics of i r r e v e r s i b l e  

processes has  r e su l t ed  i n  a rigorous phenomenological framework f o r  

defining t h e  magnetotransport c o e f f i c i e n t s .  The k i n e t i c  c o e f f i c i e a t s  

of t h e  thermogalvanomagnetic e f f e c t s  are tensors  defined by t h e  k i n e  

r ic equations 21 

which express t h e  fluxes 3 , t h e  electric c u r r e n t  dens i ty  and u 
t h e  hea t  cu r ren t  dens i ty  as linear combinations of t h e  a f f i n i t i e s  E , 

w w '  

4 i . M  
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t h e  e f f e c t i v e  e.m.f. (which includes t h e  thermodynamic f o r c e  assoc- 

i a t ed  wi th  t h e  chemical p o t e n t i a l  of t h e  e l e c t r o n i c  carriers and 

plays t h e  r o l e  of t h e  measurable e l e c t r i c  f i e l d )  and V T ,  the  

temperature gradient.  
4- &P// 6- , t he  e l e c t r i c a l  conduct iv i ty ;  3 

w 
The k i n e t i c  c o e f f i c i e n t s  s o  defined are 

the  thermal. conductivity;  
-0 

, t h e  thermoelectric tensor  and 7 t h e  Peltier tensor.  Only ' - - 
@?u -4 

one of t h e  tensors  e and is independent, s i n c e  by t h e  Onsager- - 
e A  /Id N 

Kelvin r e l a t i o n ,  77 T G  . For e f f e c t s  measured i n  the  [ loo ]  
L - -// - 

plane normal t o  t h e  magnetic f i e l d ,  t h e  independent tensors  D 

and each reduce t o  2 x 2 form wi th  two independent elements i n  

each tensor.  The t o t a l  number of independent c o e f f i c i e n t s  is thus 

six. The tensor is, f o r  ins tance  

- - 
- 

6 

- 

i f  t h e  magnetic f i e l d  is  applied along a three-fold o r  higher e 3  

d i r e c t i o n  and t h e  a f f i n i t i e s  and f l u x e s  are measured i n  orthogonal 

x+l and y j 2  d i rec t ions .  

The phenomenological k i n e t i c  c o s f f i c i e n t s  are most important 

because k i n e t i c  c o e f f i c i e n t s  relate d i r e c t l y  t o  t h e  r e s u l t s  of 

microscopic theory where i t  is  customary t o  c a l c u l a t e  J and U . 
The conventional microscopic theory of t r anspor t  phenomena assmes 

v a l i d i t y  of a Boltzmann t r anspor t  equation and t h e  fundamental 

4% M 

problem is  then t o  s o l v e  t h e  equation f o r  t h e  d i s t r i b u t i o n  func t ion  

&k f o r  s p e c i f i c ,  condi t ions  of symmetry, thermodynamic a f f i n i t i e s  

and o the r  parameters. 
w 

One then c a l c u l a t e s  



- 5 -  

1 :  

. .  
i 

A. - 
where v , 

energy 1 G,,, chemical p o t e n t i a l  $ and wave vec to r  k . A cal- 
.- A M  

cu la t ion  of t h e  cu r ren t s  by (2) l eads  t o  expressions i n  which t h e  

is  t h e  v e l o c i t y  of an e l e c t r o n i c  carrier of charge e ,, 
q v  5, 

w 

k i n e t i c  coefficients defined by (1) may be  i d e n t i f i e d  as t h e  

c o e f f i c i e n t s  of E and VT. 
rwH w 

A t r a c t a b l e  comparison of a l l  s ix  experimentally determined 

k i n e t i c  c o e f f i c i e n t s  w i th  microscopic theory is  poss ib l e  a t  present  

only f o r  r a t h e r  s impl i f i ed  models. 

been t h e  Sondheimer-Wilson 

The most u s e f u l  of t hese  has 
22 

model which assumes conduction by 

independent quadra t ic  bands. of carriers of e i t h e r  s ign ,  each 

achieving equilibrium by a r e l axa t ion  process and each contribu- 

t i n g  add i t ive ly  t o  t h e  t o t a l  cur ren t .  The Sondheimer-Wilson (S-W) 

r e s u l t s  as modified by Grenier are summarized i n  gauss ian  
23 24825 

u n i t s  as follows: 

Magnetoconductiviry 

Hall Conductivity 

(3 a/ 
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Sernst or  Ncrnst-Ettinghauscn Coef f i c i en t  

Thermal Magnetoconductivity 

Righi-Leduc Conductivity 

, 

< I  

I n  these  expressions hj is t h e  magnetic f i e l d  appl ied  n o m a 1  
I 

i 

to L; and u and is t h e  Kelvin temperature. The symbols ?f , 

e , c and /?,,are cons tan ts  having t h e i r  conventional meaning. 

The o the r  symbols r ep resen t  p r o p e r t i e s  of t h e  c r y s t a l .  The i t h  

band contains 9 c,\ carriers, which i f  h o l e  ( e l ec t ron )  l i k e  t akes  

t h e  +(-> s i g n  as i nd ica t ed  i n  Eqs. (3b) and ( 3 4 .  The mob i l i t y  

*-. - wv Erw 

of t h e  c a r r i e r s  is  represented  by t h e  r e l a x a t i o n  f i e l d  

b y < . =  yki, = $&i ix \where  x \ i s  t h e  r e l a x a t i o n  t i m e  and 
. \-.a TgLs t h e  cyc lor ron  e f f e c t i v e  mass. For a band of cyclo t ron  

frequency f3;;\is t h e  appl ied  f i e l d  for which a''.? = 1 . - CL.y l* ,  

The nagnitudes of t h e  thermoelec t r ic  c o e f f i c i e n t s  are de tern ined  

by A;\, t h e  dens i ty  of states of t h e  L t h  band. 

a*' is a mass aniso t ropy  factor which t akes  t h e  value unity for  

c 7 ,  . ,  
The q u a n t i t y  

/ 

/ A . .  

(3 d j  

(3 r i  
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24,25 
a spherical fermi sur face .  The thermal conduc t iv i t i e s  are 

given i n  terms of t h e  electrical  conduc t iv i t i e s ,  where Lj is  

t h e  Lorenz number. S t r i c t  v a l i d i t y  of t hese  S-W expressions is 
z z  

l imi ted  t o  elastic s c a t t e r i n g  i n  which case ~ , c =  L, = ?  k , /3& 
/I  - -8 2-42 

2.445~10 V k The e l e c t r o n i c  component ;\iea of t h e  thermal c o w  

duc t iv i ty  i s  supplemented by 1; , the  l a t t i c e  thermal conductivity 

which w i l l  be  considered sepa ra t e ly  from t h e  S-W theory of t h e  

d 

2 6  

e l e c t r o n i c  e f f e c t s .  

The phys ica l  conditions which lead  t o  Eqs. (l), (2) and (3)  

imply con t ro l  of E and VTas independent v a r i a b l e s ,  a condirion 

not r ead i ly  a t t a i n e d  i n  t h e  laboratory.  The p r a c t i c a l  experimental 
w 

arrangenents are t h e  following: 

isothermal ba th  and con t ro l s  J and V T i n  which case a set of 

isothermal c o e f f i c i e n t s  are defined by t h e  equations 

(a) one immerses t h e  sample i n  an 

1 1  I MA w 

o r  (b) one connects one end of t h e  sample t o  a thermal r e s e r v o i r ,  while 

thermally i s o l a t i n g  t h e  bulk of t h e  sample i n  a high vacuum. 

t ransverse  a d i a b a t i c  conditions imply c o n t r o l  of 

case a set of “adiaba t ic“  c o e f f i c i e n t s  are defined by t h e  equations.  

These 

and hf i n  which 
w AM 

, . .. 
‘i T“ ,I” 2 

( 4  ti) 
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? (  

I n  t h i s  work, both s e t s  of experimental conditions were u t i l i z e d  i n  

order t o  measure two elements each of , t h e  isothermal r e s i s t i v i t y  

t e n s o r , v  , t h e  "adiabatic" thermal r e s i s t i v i t y  tensor  and , t h e  

"adiabatic" thermoelectric tensor.  

e' 
- E 

x- 
w- 
c 

Microscopic theory ca l cu la t e s  k i n e t i c  c o e f f i c i e n t s ,  but an 

esperiment does not measure them. A popular p r a c t i c e  found i n  t h e  

l i t e r a t u r e  of t r anspor t  phenomena i s  t o  "invert" t h e  expressions 

obtained from a microscopic theory i n t o  t h e  form of t h e  experi- 

mental Coeff ic ien ts .  I n  t h e  present  work, t h e  experimental coef- 

f i c i e n t s  have, i n s t ead ,  been inver ted  i n t o  k i n e t i c  form. Presenta- 

t i o n  of t h e  measurements i n  k i n e t i c  form o f f e r s  several advantages. 

Any simplifying approximations made i n  t h e  invers ions  are determined 

by t h e  experimentally observed magnitudes of t h e  c o e f f i c i e n t s  and 

do not involve a d d i t i o n a l  assumptions i n  t h e  microscopic theory. 
i 

Experimental r e s u l t s  presented i n  k i n e t i c  form should b e  more 
. I  

.t 

d i r e c t l y  comparable t o  any new t h e o r e t i c a l  r e s u l t s .  F ina l ly ,  t h e  

phys ica l  i n t e r p r e t a t i o n  of k i n e t i c  c o e f f i c i e n t s  is  usua l ly  no re  

d i r e c t .  

I n  genera l ,  t h e  k i n e t i c  c o e f f i c i e n t s  are obtained from t h e  

isothermal and "adiabatic" c o e f f i c i e n t s  by means of h e ~ r l i n g e r ~ ~  . ,  
-41 * - I  &,2+%IbQ-I A - - -  - y "  (?-+ 5 < r e l a t i o n s  of t h e  f o m  C= T )  

L e For e l e c t r o n i c a l l y  compensated 

metals, i t  i s  usual ly  poss ib l e  t o  demonstrate, as i n  t h e  present  

case , tha t  some of these  r e l a t i o n s  may be g r e a t l y  s impl i f i ed  with- 

ou t  s i g n i f i c a n t  e r ro r .  One f i n d s  i t  p a r t i c u l a r l y  h e l p f u l  t h a t ,  when 
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111. Experimental 

The tungsten monocrystal was spark  planed i n t o  a rec tangular  

para l le lep iped  wi th  s i d e s  nominally 1 9  mm long x 4 mm wide x 2 mm 

. 

t h i c k  o r i en ted  normal t o  t h e  <loo> d i r e c t i o n s .  It was purchased 

f r o 3  Aremco Products, Inc.  The r e s i d u a l  r e s i s t i v i t y  r a t i o  w a s  : 

*3 - 3 x 104. found t o  be  

All of t h e  electrical and thermal measurements were performed 
24,25,28 

using t h e  f o u r  terminal d c  methods of 'Grenier e t  al. 

The magnetic f i e l d  w a s  generated by a Ventron-Harvey-Wells L128A-FFC4 

system and t h e  d e  p o t e n t i a l s  were de tec t ed  wi th  .a Kei th ley  147 i n  

conjunction wi th  a Honeywell 2768 potentiometer. 
I 

The sensors  used 

i n  t h e  b r idge  measurement of temperature d i f f e r e n t i a l s  were Allen- 

Bradley 1/10 W, 33Q carbon r e s i s t o r s  c a l i b r a t e d  by H e 4  vapor p re s su re  

thermometry. 

- 
The 67Q - hea te r  wound on a copper bobbin a t tached  t o  

t h e  lower end of t h e  c r y s t a l  was made of W. B. Driver Cupron as were 

t h e  l eads  connected t o  t h e  c r y s t a l ,  thermometers and hea te r .  
29 

I n  t h e  thermomagnetic measurements, h e a t  c u r r e n t  d e n s i t i e s  from 

.44 mW/cm2 a t  t h e  lowest temperature t o  4.6 mW/cm2 a t  t h e  h ighes t  

temperature were used i n  order  t o  a d j u s t  t h e  m a x i m u m  long i tud ina l  

t eape ra tu re  d i f f e r e n t i a l  t o  about 0.1 K. 

ments was performed a t  t h e  temperatures 4.1 K ,  3.8 K, 3 . 4  K, 2.6 I;, 

1.9 K and 1.38 K. 

A complete set  of neasure- 

An electric cu r ren t  dens i ty  of 7.1 A/cm2 w a s  used. 

The most p e r s i s t e n t  6ource of e r r o r  i n  t h e  abso lu te  determination 

of t r anspor t  c o e f f i c i e n t s  is t h e  measurement of t h e  e f f e c t i v e  spacing 

of t h e  electrical and thermal probes t o  t h e  sample. Some d i f f i c u l t y  
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i 

was encountered i n - o b t a i n i n g  contac ts  t o  tungsten s u i t a b l e  f o r  both 

e l e c t r i c a l  and thermal cu r ren t s  under cryogenic high vacuum con- 

d i t i ons .  The contac ts  used were made by Bi-Cd so lder ing  t o  a l u g  

cons is t ing  of a 0.5 mm wide by 5 mm long s t r i p  of ,003" gold f o i l  

which w a s  a t tached  t o  t h e  c r y s t a l  wi th  a do t  of Dupont 1'14922 s i l v e r  

preparat ion.  The main v i r t u e  of t h i s  type of contac t  is thac i t  nay 

be completely removed by aqua r e g i a ,  and leaves  t h e  c r y s t a l  i n  prSs- 

t i n e  condi t ion f o r  any o the r  measurement. The p rope r t i e s  of t hese  

contac ts  were genera l ly  s a t i s f a c t o r y  except t h a t  they d i d  not  pro- 

v ide  a very i d e a l  po in t  contac t .  The probe sepa ra t ions  of 8 .34  mm 

f o r  t h e  long i tud ina l  set and 3.86 mm f o r  t h e  t r ansve r se  set were 

thus sys temat ica l ly  unce r t a in  by about 2 3%. Analysis  of t he  e f f e c t  

of a l l  combined sys temat ic  e r r o r s  on t h e  ca l cu la t ed  k i n e t i c  coef f i -  

c i e n t s  l e d  t o  a confidence of about 2 4% i n  t h e  abso lu te  va lues  of 

t he  c o e f f i c i e n t s  , 3'; and The c o e f f i c i e n t s  5% and x"are 

only r e l i a b l e  t o  ?: 8%, while t h e  abso lu te  p r e c i s i o n  of E,, may be  as 

& 
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r /  

- 
poor as 2 15%. 

t i v e  va lues ,  and r a t i o s  are much less, t h e  p r e c i s i o n  i n  t h i s  case 

Er ro r s  i n  f i e l d  and temperature dependences, rela- 

being about 2 1%. 

The magnetic f i e l d  w a s  o r i en ted  wi th  r e s p e c t  t o  the crystal .  i n  

s i t u  f o r  t h e  experiment by f ind ing  t h e  [lo01 rninimum'jl' i n  t h e  efec- 

t r ical  magnetoresistance.  I n  t h a r  p o s i t i o n  t h e  transverse-even vol- 

t age ,  was null,. 
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I V .  Results and Discussion 

d e  

A. Galvanomagnetic (Magnetoelectric) T e n s o r s x  and 

Zero F ie ld  Measurements 

The temperature dependence (o r  lack of)  of 

t he  e l e c t r i c a l  r e s i s t i v i t y  i n  zero applied magnetic f i e l d ,  I s  t h e  .- 

standard i n d i c a t o r  of t h e  na tu re  of t h e  dominant s c a t t e r i n g  mechanism 

i n  a metal and f o r  tungsten has been t h e  s u b j e c t  of several recent 

s t u d i e s  . For t h e  c r y s t a l  and conditions of t h i s  work, 
10 9 11 30 

. { ; l , (O , r )  was nea r ly  r e s i d u a l ,  increas ing  by only 5% a t  4.1 K - 
over a minimum value  of (1.8 k 0.2) X 10'loQ-cm - a t  1.3 K which w i l l  

be taken as t h e  r e s i d u a l  value. It is thus i n f e r r e d  t h a t  l a r g e  angle  

elastic s c a t t e r i n g  by po in t  impur i t i e s  and de fec t s  w a s  dominant over 

i n t r i n s i c  processes i n  t h e  l i m i t a t i o n  of charge t r anspor t .  S i z e  e f f e c t  
#) 

. .  
P ... 

19 

31 
was c e r t a i n l y  a l s o  a f a c t o r .  

and a check of Matthiessen's 

A study of t h e  i n t r i n s i c  s c a t t e r i n g  

r u l e  f rom, the  temperature dependence 

of f , t  -( 0, T) w a s  beyond t h e  c a p a b i l i t i e s  of t h e  measuring sys ten .  

t h a t  the,dominant low teap- 
10911 930 

It is genera l ly  concluded 

e r a t u r e  i n t r i n s i c  s c a t t e r i n g  mechanism i n  tungsten is the  e lec t ron-  

e l ec t ron  U-process, bu t  t h i s  conclusion has been based on d?ta 

taken a t  somewhat higher temperatures than those used here. 

32,33 

High F ie ld  Measurements 

I n  t h i s  work t h e  term high f i e l d  is  taken t o  mean H>>H; for 
a l l  brinds. 

s t u d i e s  of t h e  fermi-surface topology of metals 

from o the r  uses of t h e  term "high f i e l d "  as appl ied  t o  quantum 

Such is t h e  usua l  condi t ion  i n  s tandard  magnetoresistance 

and is d i s t i n c t  
34,12 

. .  

\. 
\ \  
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\ 

' ,  
o ~ c i l l a t o r y ~ ~  and magnetic b r e a k t h r o ~ g h ~ ~  e f f e c t s .  The r e s u l t s  of t h e  high 

f i e l d  measurements of 

kOe at  1.3 K and 4.1 K. 

are shown i n  Fig .  1 f o r  t h e  d a t a  up t o  Em22 

The magnetores i s t iv i ty  qJ, ( 4 T )  w a s  found t o  be  p rec i se ly  quadra t ic  i n  
/ H a t  a l l  temperatures. 

(100) d i r e c t i o n  as reported by Fawcett12 was not observed. 

The devia t ion  from pure H? behavior f o r  H i n  t h e  

Volkenshteyn et  a1.14 have pointed out t h a t  " the  inf luence  of :cap-  

e r a t u r e  on t h e  galvanomagnetic p rope r t i e s  of metals has received very lit- 

t l e  study i n  t h e  region of high f ie lds . ' '  

- {,, d a t a  reported he re  w a s  small and could only be  approximately de te r -  

mined. 

d a t a  to t h e  nea res t  i n t e g r a l  power of 

a T ' r e l a t i o n  w a s  expected b u t  a T 3 ' r e l a t i o n  gave a b e t t e r  f i t  to the 

The temperature dependence of t h e  

The c r i t e r i o n  applied i n  obtaining an expression w a s  to f i t  t h e  

. From, previous s t u d i e s  of $$,7), - 

1 
s ca t t e r ed  values of t h e  s m a l l  quant i ty  $,W) - f,,(H,T) 
The d a t a  i s  approximated by e i t h e r  of t h e  expressions 

Although i t  is no t  w e l l  j u s t i f i e d , 3 7  it is i n t e r e s t i n g  t o  e x m i n e  Bqs. ( 5 )  

on the  b a s i s  of a r e l axa t ion  time model. For a compensated netal. i n  a 

s t rong  f i e l d ,  S$,, >> qz~\ ., when t h e  geometry is such t h a t  t h e r e  i s  r;o - 
transverse-even voltage.  From Eq. (3a) one thus ob ta ins  

where $,,,(O, 7) is neg l ig ib l e .  I f  Matthiessen's r u l e  is assumed v a l i d ,  

then i t  is  poss ib l e  t o  simply add t h e  r ec ip roca l s  of t h e  r e l a x a t i o n  times 

yo;\. of t h e  l a r g e  angle  elastic processes (presumably due t o  p o i n t  d e f e c t  

-. \ 
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sca t te r ing  plus some s i z e  e f f ec t )  contributing t o  the  res idua l  r e s i s t i v i t y ,  

and yti of the  i n t r i n s i c  processes leading t o  a temperature dependent re- 

s i s t i v i t y .  Dominance of t he  res idua l  r e s i s t i v i t y  implies t ha t  %/?Ai<< 1 . 
If one makes the  fu r the r  assumption t h a t  a l l  of the  hl bands i n  t h e  sum over 

I i  

bands are iden t i ca l  except fo r  charge compensation, then 

-7 3/ Comparison of t h i s  approximation with Eqs. (5) implies e i t h e r  ?./7* % 7.9 r f 0  7 

o r  

of t he  same arguments t o  

- 3 3.4 ./ 0'37'2' or  some intermediate re la t ion .  Applicarion 

0, T )  implies t h a t  f 4  

which with t h e  previous r e s u l t  would ind ica t e  t h a t  

The foregoing analysis  i s  c l ea r ly  too simple, and should be regarced, 

- - primarily, as a vehic le  f o r  presenting t h e  experimectal observariozs. _ +  

i s  c u r i w s ,  however, t h a t  l i t t l e  support can be found i n  t h i s  work fo r  the 

dorcinance of electron-electron sca t t e r ing  as concluded from the  l a w  

found by others.10'11'30 

'L 

2,' 
The coef f ic ien t  of T''found here  is, roughly, a 

fac tor  of 45 smaller than the  coef f ic ien t  indicated by the  work of 
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Volkenshteyn e t  a l . l l  and the  approximate f i t ,  Eq. (5b) of t he  d a t a  t o  a 
3, 

f r r e l a t i o n  is i n f e r i o r  t o  the  f i t  Eq. (5a) to a T r e l e t i o n .  9 e \  

A T l a w  

is i n d i c a t i v e  of phonon-electron s-d s c a t t e r i n g  a l s o  commonly found i n  n a y  

t r a n s i t i o n  metals. 30  38 

\ (Fig. 1) exhibited a scaewhat complicated 
-4.8 

The Ea11 r e s i s t i v i t y  

f i e l d  dependence and, wi th in  t h e  p rec i s ion  of the measuraenr s  was Ircdeper- 

dent of t a p e r a t u r e  wi th  a magnitude approximately 1% t h a t  of {,, 
observed behavior of i~,, is  r e a d i l y  understood by again applying t k e  

conditions s,\ >> q,z, arid H 2> n; t o  t h e  i nve r s ion  of Eqs (3aj 

and (3b). Then, 

.: The 

c 

On t h e  b s s i s  of t h i s  model, any observable temperature deperidence of 

must come from t h e  temperature dependence of t h e  r e l a x a t i o n  time contsizec! 

%,-.. 
,! 3 -- 

within the  q u a n t i t i e s  of each band. Therefore, if t h e  metal is per- 

f e c t l y  compensated ( xi,(%) fit,= 0 but  E.\> ( 2 )  n; H; 0 except 

when a l l  H; are equal), i t  is  only necessary t h a t  tte r e i z x a t i o n  t ine of 

AJ 2 

4 1  

each band have t h e  sanie fui~cctional temperature dependence i n  order  t hac  

be independent of temperature. I n  t h e  present  case, compensation was  4.) 
complete t o  t h e  ax ten t  t h a t  t h e  term l i n e a r  i n  H w a s  roughly 9 t i m e s  as 

g r e a t  as t h e  cubic tern a t  a f i e l d  of 10 kOe. The very weak temperature 

. dependence of thus q u i t e  reasonable. The p o s i t i v e  s i g n  and soze- 

what g rea t e r  than linear f i e l d  dependence of <,.,, implies t h a t  xi (2) a; + -  
was p o s i t i v e  b u t  t h a t  z.\(z:) n., H?' was  negative. Holes were thus i n  

/ & \  ( b ,  

t h e  major i ty  and a l s o  t h e  more mobile carriers. 
\ 
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Results of the  invers ion  of the  measured q u a n t i t i e s  

i n t o  t h e  k i n e t i c  q u a n t i t i e s  6,. and qL are summarized (Table 

Inverse  square dependence of dq 
- c 

1) i n  terms of Eqs. (3a) and (3b). 

on magnetic f i e l d  is expressed i n  terms of t h e  quant i ty  

derived from g z r  - I \ \  

a; H i  
c 

and Eq (3a) The temperature dependence of 

flea* L \  L H;\was covered i n  the  d iscuss ion  of .,Q$, . The' r e s u l t s  
i 

f o r  qz, are expressed by pu t t ing  Eq. (3b) i n  t h e  form 
r 

L 
and t abu la t ing  t h e  q u a n t i t i e s  (2\vA and (?)vi fli, . Comparison 

L L 

of t h e  quan t i ty  x(z)d3;\= 4.4 x cm - 3  with  t h e  number '"&M; = 
/! 4 L 

- 3  6) "i\ =7.4 x lo2' c m  obtained from d e  Haas-van Alphen measare- 
L 

. .  ments,indicates an excess of only 0.006% of hole- l ike  over e lec t ron-  

l i k e  carriers. This r e s u l t  supports t h e  view t h a t  minute impur i t i e s  
E 

c 

are t h e  sole cause of any devia t ion  from p e r f e c t  conpensation of a 

metal which satisfies t h e  Fawcett cr i ter ia  f o r  compensation. 
39 

4+ 
B. Magnetofhermal Tensors - and ?'' 

The thermal magnetoresis t i v i t y  vct\and t h e  Righi-Leduc res is  t i v i t y  - v<' are shown as func t ions  of temperature and magnetic f i e l d  i n  Fig. 2. 

I n  the  event t h a t  thermal and electrical  t r anspor t  i n  t h e  c r y s t a l  were 

- 

e n t i r e l y  l imi t ed  by l a r g e  angle  elastic (poin t  de fec t )  s c a t t e r i n g ,  

which is t h e  common assumption a t  helium temperatures, and i n  t h e  

absence of a n  apprec iab le  conduction by t h e  l a t t i ce ,  one would expect - 



- 16 - 
* 

t h a t  the  curves of Fig. 2 could be made t o  resemble q u i t e  c lose ly  

those of Fig. 1 by simply mult iplying a l l  of t h e  q u a n t i t i e s  of 

and ;k might be  connected by a Fig. 2 by L 
s t r a i g h t  forward app l i ca t ion  of t he  Wiedemann-Franz-Lorenz ( W F L )  

relation. Such is  not t h e  case. 

/r 

That is, c / O  

4+ 
The most obvious d i s s i m i l a r i t y  between t h e ?  and e d da ta  is  ' 

c 

t he  tendency of t h e  Righi  Leduc r e s i s t i v i t y  t o  pass  through a 

maximum,the m a x i m u m  apparent ly  moving t o  f i e l d s  above t h e  range of 

these  measurements a t  t h e  lowest temperatures.  I n  add i t ion ,  t h e  

product T &increases by approximately 65% as T i s  reduced 
c 

from 4.1 K t o  1.4 K,  while fZJ, i s  e s s e n t i a l l y  independent of t em-  

perature .  

cable  i n  terms of any convent ional  model. 

a b r i e f  communication 

- 
This temperature dependence of &,does no t  appear expl i -  

/ 

It has been discussed i n  
1 

40 
and w i l l  be discussed f u r t h e r  i n  a fol lowing 

I /  

paper  i n  terms of the  k i n e t i c  c o e f f i c i e n t  &&, . - . .  
i 

The peaking of &@ is c h a r a c t e r i s t i c  of a c r y s t a l  i n  which the 

app l i ca t ion  of a magnetic f i e l d  has reduced t h e  conduction of h e a t  

by e l e c t r o n i c  carriers t o  a po in t  comparable t o  t h a t  of t h e  con- 

duct ion of hea t  by t h e  l a t t i c e .  Larger f i e l d s  must be appl ied  t o  

achieve t h i s  peaking a t  lower temperatures because t h e  l a t t i ce  

conduct iv i ty  is smaller a t  lower temperatures.  

of t h e  peaking 'of  $2, can be  found i n  a s tudy  of antimony 

A f u r t h e r  d i scuss ion  
28,Lrl 

where - 
t he  e f f e c t  w a s  considerably more pronounced. 

The d i r e c t  e f f e c t  of an apparent ly  apprec iab le  l a t t i ce  conduc- 

t i v i t y  (which is, i t s e l f ,  e s s e n t i a l l y  independent of t h e  magnetic 

f i e l d )  a t  t h e  f i e l d s  of these measurements 

pure quadra t i c  f i e l d  dependence of i,& t o  

w a s  t h e  reduct ion  of t h e  

an e f f e c t i v e  H depen- 1.6 



- 17 - 

dence of $, , Fig. 2 .  A t  f i e l d s  of 60-80 kOe and above t h e  $1 - - 
of t h i s  c r y s t a l  should have sa tu ra t ed  t o  values c h a r a c t e r i s t i c  

of t h e  l a t t i ce  conductivity and independent of H. 

the  complete s a t u r a t i o n  of vi, due t o  l a t t i c e  conduction was 

reported a t  much lower f i e l d s  i n  the  antimony papers 

tendency t o  s a t u r a t i o n  as observed here  i n  tungsten a t  l i q u i d  

An example of 

2 a s 4 2  
and t h e  

helium temperatures w a s  s tud ied  ex tens ive ly  f o r  tungsten i n  the  

s c a t t e r i n g  regime of l i q u i d  hydrogen temperatures by deNobel. 
6- a 

The term s a t u r a t i o n  as appl ied  h e r e  t o  t h e  e f f e c t  of la t t ice  

conduction on q;.. should not be mistaken f o r  t h e  ordinary sat- 

u ra t ion  of both .f;b and $,, i n  uncompensated m e t a l s  o r  s a t u r a t i o n  

due t o  s a g n e t i c  breakthrough i n  normally compensated metals. 

Latt ice conduction will be discussed f u r t h e r  i n  a following paper. 

& 

- 
34,36 

// 

It can be seen, Fig. 2 ,  t h a t  (,,depends on temperature approxi- 
--. 

. .  mately as T -Io5 over t h e  range of temperatures s tud ied ,  r a t h e r  than  

with t h e  T-l dependence predic ted  by t h e  WFL r e l a t i o n .  The product 

{I, Tst is  considerably more dependent upon temperature than - 
While f , , .  increases  by about 7% as T varies from 4.1 K t o  1.3 K a t  22 'de, 

\ 

t h e  product rbis, increases  by 70% over roughly t h e  same i n t e r v a l .  - 
Although la t t ice  conduction accounts f o r  some of t h i s  v a r i a t i o n ,  

i t  i s  not near ly  s u f f i c i e n t  t o  account f o r  a l l  of it. 

The assumption of a s i n g l e  r e l a x a t i o n  t i m e  common t o  both 

e l e c t r i c a l  and thermal processes is  i m p l i c i t  i n  E q s .  3. The excess 

temperature dependence of T&,is not  cons i s t en t  w i th  t h e  assumption 

of a s i n g l e  r e l a x a t i o n  time. 

relaxation time is dominant when t h e  r e s i d u a l  p a r t . o f  t h e  zero  f i e l d  

The common inference ,  t h a t  a s i n g l e  
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r* 
.-. 

r e s i s t i v i t y  ~ , , ( O , T )  is  dominant appears t o  be v a l i d  only f o r  e l e c t r i c a l  

processes.  
- 

S m a l l  angle  s c a t t e r i n g  which has a r a t h e r  minor e f f e c t  upon 
42 {,(. can be  very e f f e c t i v e  upon - d,,, v ia  t h e  ve r t i ca l  process.  

4- 
The f a i l u r e  of ‘b‘ d a t a  t o  conform t o  a s t ra ight forward  Sommerfeld 

vers ion  of the  WFL r e l a t i o n  does not  r u l e  out  t he  p o s s i b i l i t y  of f i t t i n g  

the  da t a  t o  more genera l  r e l a t i o n s  of t h e  form of Eqs .  (3e) and ( 3 f ) ,  

as w i l l  be  seen i n  a following paper. I f  t h i s  i s  t o  be done, t h e  

d a t a  must  b e  converted i n t o  2 
4-+ r 4  

form. The conversion involves  t h e  

I n  genera l ,  these  manipulations may s e r i o u s l y  compound e r r o r s  i n  the  

measured q u a n t i t i e s .  For compensated metals a t  .high f i e l d s  and low 

temperature, however, i t  tu rns  ou t  t h a t ,  t o  a p r e c i s i o n  of 1% o r  b e t t e r ,  
---. 

,y 
with  t h e  co r rec t ion  term 6$,,T/fq g,, usua l ly  being small. For 

t h e  p re sen t  tungsten d a t a  a t  20 kOe, t h e  c o r r e c t i o n  ranges f r o n  

0,3% a t  1.4 K t o  1.7% a t  4.1 K. The k i n e t i c  thermal conduc t iv i t i e s  

and >k2, 
t h e  same prec i s ion  as t h e  electrical  c o n d u c t i v i t i e s  5 and +c% . 

/ I  

;\r, - 
4/ 

can thus  be  computed from t h e  experimental  d a t a  wi th  n e s r l y  

* -/ - J/ C. Magnetothermoelectric t enso r s  ., and E 
L 

-*  
The “ a d i a b a t i c ”  thermoelec t r ic  t enso r  e , as defined by E q s .  ( 4 5 ) ,  

- /  
w a s  measured. Raw d a t a  is  of l i t t l e  i n t e r e s t  because i t  con ta ins  

the  e f f e c t  of t he  thermopower of t h e  electric f i e l d  probes 
29 , and is 

no t  simply r e l a t e d  t o  any-microscopic theory.  The i so thermal  thermo- 
- /  col 

electric tensor 6 , as defined by Eqs. (4a), is  r e l a t e d  t o  by c 
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4-4 -,-e,l, 4-P 

t he  r e l a t i o n  .- e . The tensor  is  conceptually more f a m i l i a r ,  

i ts component 

involved i n  t h e  measurement of temperature with a thermocouple. 

r ec t ion  f o r  t h e  Seebeck e f f e c t  of t h e  l eads  is  simply r e l a t e d  t o  

the  r e l a t i o n  ..- Sleads , l  f v‘< Components of t h e  tensor  5 cor- 

retted €or  t h e  e f f e c t  of t h e  leads are shown as func t ions  of f i e l d  a t  rwc 

b i  

(0,r) E s being t h e  absolu te  thermo-electric power as 
, 

The  cor- - 
through 

t+ A ai?+””’&.’’ u 

temperatures i n  Fig. (3) .  

appear i n  f,, but  was s u f f i c i e n t l y  l a r g e  i n  E,, a t  t h e  lower f i e l d s  t o  ren- 

der  t h e  low f i e l d  E,, d a t a  use less .  

e s s e n t i a l l y  independent of f i e l d  and one order of magnitude smaller than 

c,z . 

The thermocouple e f f e c t  of the  leads  doe$ not 

Both q u a n t i t i e s  were negative wi th  si,’ 

Subs t i t u t ion  of Eqs.  (3) i n t o  t h e  Heurlinger r e l a t i o n  e, ,  - 
5 ’ )  shows t h a t  t h e  high f i e l d  va lue  of L/ k,:$l f f;:Z\ )/(GI + G-1 a, 

should be  independent of f i e l d  i f  x,,@\ a. is n e g l i g i b l e  com?ared t o  
/ L\ f It L \  

E, (z)n?H;,</ Hv 
ana lys i s  of $=,, and t h e  thermal e f f e c t  is  charac te r ized  by l a r g e r  

values. 

. This w a s  found t o  be approximately t r u e  i n  t h e  
L - 

pf 

; 
A comparison of t h e  da t a  wi th  E q s .  (3) r e q u i r e s  t h a t  i t  be pu t  i n  t h e  

The tensor  i s  re- 

- 5 7 . Tfie f c  

.- 
\ 

-+P 00 
form of t h e  k i n e t i c  tensor  e 
l a t e d  t o  t h e  corrected E t ensor  by t h e  opera t ion  

, g,,>> y2,, and g,,, 22 g,l found i n  t h e  COP e q u a l i t i e s  

pensated metal at high f i e l d  and low temperature allow some s h p l i f i c a t i o n .  

Thus, t o  f irst  order 

‘ , I \ ~  (GJt’41t - “~z,.f%~)/!(, 

, as defined by Eq.  (1). 
-//- - --y 

- 
St?’ .f2x 

1 

/ I  0 

s,= = &/f,;;,,= - sZ,,/2,, b/,, and 
8? 

“ N 
The k i n e t i c  Nernst Coeff ic ien t  F,z,can, the re fo re ,  be  computed f ro= t h e  

experimental d a t a  wi th  reasonable p rec i s ion ,  s i n c e  i t  involves only a s i n g l e  

product of t h ree  l a r g e  measured c o e f f i c i e n t s  and does not  involve a correc- 

t i o n  f o r  t h e  thermocouple e f f e c t  of t h e  leads.  The computation of $,, how- .v 

ever, i s  very  crude. Not only does t h e  computation involve t h e  d i f f e r e n c e  

. // 
of comparable small q u a n t i t i e s ,  b u t  t h e  term in %,(,involving is 
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roughly 504 of t h e  t o t a l  e f fec t .2g  Nevertheless, t h e  f i e l d  and temperature 
b 

dependence of E/‘ -,, , computed a t  s ix  temperatures w a s  found t o  be s e l f  consis- 

ten t .  

From Eqs. (3c) and (3d) it is, perhaps, expected t h a t ,  when H>> g; , 
* 

the  q u a n t i t i e s  $r/r and gtz/r should be independent of temperature. 

are not ,  Their a c t u a l  behavior is  indica ted  i n  Fig. (4). Each c o e f f i c i e n t  

has t h e  expected f i e l d  dependence, s,, 
ing as 1/H.  Therefore, t h e  excess temperature dependence implies t h a t  t h e  

dens i ty  of states f a c t o r s  E,  (s)z. Q, ,  Hi, 
pendent. A f i t  of t h e  high f i e l d  r e s u l t s  to E q s .  (3c) and (3d) r equ i r e s  

t h a t  

and -I-1.95 x 108”’ e rg  

cm‘ O e  and +2.31 x erg’ cm r e spec t ive ly  a t  4.1 K. 

They 

#0 r/  
decreasing as l / H 2 j  and c,z ‘decreas- 

and 2. are temperature de- 
C‘\ b b  / i\ 6‘. 

-1 -3 and z , , z . , v a r y  from -3.26 x 1037’erg cm O e  

r e spec t ive ly  a t  1.4 K t o  -3.61 x lOv erg-’’ 
6 ’  xi&?) z i\, L \  hi,, 

71 -3 c m \  

-3 -I -3‘ 

, The temperature dependence of z. (%> z,  ai, Hi, is accountable 
$ 

i n  teras of t h e  r e l a x a t i o n  f i e l d  ff;‘,which is expected i n  t h e  thermoelec t r ic  

e f f e c t  t o  d i sp l ay  an excess temperature dependence i f  t h e  g,, d a t a  is to be 

cons is ten t  wi th  t h e  temperature dependence found i n  t h e  thermal magnetore- 

s i s t i v i t y  y,, , presumably due t o  ver t ical  s c a t t e r i n g  processes. 

dr 

The r e l a x a t i o n  f i e l d  does n o t  appear i n  t h e  high f i e l d  l i m i t  of . 
Like t h e  high f i e l d  H a l l  conductivity 6- 

c i e n t  should be  independent of t h e  s c a t t e r i n g  and measure a property of rhe  

, t h e  high f i e l d  Nernst coef f i -  - 8  ‘t 

band s t ruc tu re .  The Nernst c o e f f i c i e n t  is, i n  p r i n c i p l e ,  an a l t e r n a t i v e  

measure of t h e  f r e e  e l e c t r o n  dens i ty  of states as c l a s s i c a l l y  d e t e n i n e d  

from theJ temperature c o e f f i c i e n t  of t h e  e l e c t r o n i c  s p e c i f i c  hea t  c 
observed temperature dependence of z;,z;,> = 3 c, /? ‘k 
is thus no t  d i r e c t l y  expl icable  i n  terms of t h e  Eqs. (3 ) .  

cussed f u r t h e r  i n  a following paper. 

terms of a s p e c i f i c  h e a t  y (C’. yT) imply a sys temat ic  decrease of y f r o n  

Tht e ’  
7- 

This w i l l  be d i s -  
8 

The r e s u l t s  f o r  E: z. when expressed i n  
r \  t‘, 

- ,e\” - . -  
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-J,, -2/’ 
13.8 x 10-9 J-Nole~1-K’2 a t  4 . 1  K to  1 1 . 7  x lO-~’J-Mole -K ’ a t  1 .4  K, (Fig .  

5 ) .  These values are w e l l  within the range of values of y reported from 
f i :  

c 

specif ic  heat measurements on tungsten. 4 3  
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V. Conclusion 

The high f i e l d  magnetotransport e f f e c t s  a t  l i q u i d  helium tempera- 

t u re s  i n  t h i s  r a t h e r  pure tungsten c r y s t a l  are, i n  most r e spec t s ,  

amenable t o  ana lys i s  i n  terms of t h e  asymptotic ( H >> ) form 

of a multiband Sondheimer-Wilson theory,  Eqs. (3) .  The theory must 

be empirically modified t o  allow f o r  a temperature dependent relaxa- 

t i o n  t i m e  which is not  unique, but d i f f e r e n t  f o r  electrical and thermal 

processes. Exceptions t o  t h i s  conclusion are t h e  Righi-Leduc coe f f i -  
N 

and t h e  Nerns t c o e f f i c i e n t  which c i e n t s  x, and &;z% - 
disp lay  temperature dependences which are not  expl icable  i n  terms of 

the  SW equations without s t i l l  f u r t h e r  modifications.  This and the  

appreciable l a t t i ce  conduction found i n  t h e  thermal r e s i s t i v i t y  d a t a  

w i l l  be considered i n  a following paper. The r e l a t i o n s h i p  between 

these  r e s u l t s  and fermi su r face  d a t a  must a l s o  be considered. 

It has r ecen t ly  been noted by E h r l i ~ h ~ ~  t h a t  thermal d l a p p  

s c a t t e r i n g  may be mistaken f o r  e lec t ron-e lec t ron  s c a t t e r i n g .  This 

may bear  on Eq. (5), t h e  d iscuss ion  following t h a t  equation and o t h e r  

p a r t s  of t h i s  work. 
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Figure Captions 

Figure 1: The electrical  r e s i s t i v i t y  tensor.  The magneto-resist ivity 

are shown as func t ions  of f i e l d  
{ i l  

and t h e  H a l l  r e s i s t i v i t y  4 ah 
and temperature. Note t h e  temperature dependence of 4,,>% and that r3.I 
is  roughly 1% of {,A i n  t h e  upper f i e l d  range, 

* 

A 

Figure 2: The thermal r e s i s t i v i t y  tensor.  The thermal magneto-resis- 

t i v i t y  'k,,,, 2 and t h e  Righi-Leduc r e s i s t i v i t y  $;,are shown as func t ions  

of f i e l d  and temperature. Note t h a t  is less than quadra t i c  i n  

H and t h a t  tends t o  pass through a maximum'at a va lue  t h a t  i s  

roughly 1% of )(he 
.L 

Figure 3 : The isothermal thermoelec t r ic  tensor.  The c o e f f i c i e n t  5 ,, 
i s  t h e  ordinary thermocouple c o e f f i c i e n t ,  t h e  abso lu te  thermoelec t r ic  

power, and e- is  t h e  isothermal Nernst c o e f f i c i e n t .  Notethat .E , ,  

is  e s s e n t i a l l y  independent of H. Results a t  t h e  lowest f i e l d s  w e r e  

7J2 I 

not  r e l i a b l e  

experimental 

l eads .  

and are omitted. These are q u a n t i t i e s  derived fron t h e  

c o e f f i c i e n t s  and are cor rec ted  fo r  t h e  6 of t h e  
A /  - - 

Figure 4 :  The k i n e t i c  thermoelectric c o e f f i c i e n t s .  The therinoelecrric 
// /0 

c o e f f i c i e n t  c,[, and t h e  Nernst c o e f f i c i e n t  E,=, 
func t ions  of f i e l d  and temperature T. 

of E q s .  3c and 3d l eads  one t o  expect t h a t  g / T  should be  independent 

of T. The p r e c i s i o n  of g ; i , r e s u l t s  is much g r e a t e r  than  t h a t  of $#, 
r e s u l t s .  

are shown as + -. 

The s i m p l e s t  i n t e r p r e t a t i o n  
A 80 

N /# 

\ 
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/# 
Figure 5: The Nernst specif ic  heat coefficient.  The data 

interpreted i n  terms of Eq.  3d leads to a prediction of t h e  temperature 

coefficient L of t h e  electronic specif ic  heat. The value of ‘r 
spans the range of published specif ic  heat results and displays a 

monotonic temperature dependence. 



-. 

i 
/-. 

0 - 
I 
0 

\ \  c 

x 

n 

0 

e 
U 

m 

n 

0 

1c 
0 
W 



I 

280 

240 

18 

i 60 

80 

60 

401 
L - -  

c - -  

20 

0 
- .  

H (kOe) 



e 

,- 

0 
pa) 

x 
0 

"\ 
. 

0 
c\1 



4 6 8 

-6 

-5 

-4 

-3 

-2 

- 3  

0 
10 12 14 16 18 20 2 2 -  



I 1 I I 1 I 1 I I 

4 6 

-6 

-5 

-4 

-3 

-2 

- f 

18 20 -22 0 
8 IO 12 I4 16 

i 

d 

Q - 
t 



4 6 8 

-6 

-5 

-4 

-3 

-2 

-I 

IO 12 64 16 18 20 -22 

H(kOe) 

u, 



'I 

0 

0 



GEOMETRICAL INTERPRETATION OF 

THE MAGNETOCONDUCTIVITY 

OF A FERMI ELLIPSOID 

Jerome R. Long 

M A R C U  
Scheduled for Publication in the 15 -, 1971 Issue 02 Physical Review B 



- 2 -  

ABSTRACT 

The Sondheimer-Wilson approximation to the magnetoconductivity 

tensor of metals has recently been extended by Mackey and Sybert to 

the  model of an arbitrarily oriented Fermi e l l i p s o i d  with an aniso- 

tropic relaxation time. A study of their results shows that a 

straightforward geometrical interpretation can be attached to the 

parameters which appear in the transverse magnetoconductivity and 

Hall conductivity expressions derived from this quasi-classical model at 

arbitrary strengths of the applied magnetic field. It is suggested that 

the geometrical relationships may be more general than their limited 

derivation and could lead to quantitative predictions o f  the galvano- 

magnetic coefficients of some metals with a complex Fermi surface. 

INTRODUCTION 

A tractable analytical calculation of the magnetoconductivity 

tensor of metals appears to require rather drastic specializations and 

simplifying assumptions. One such case is the calculation by 

Sondheimer and Wi lsonl of the transverse magnetoconductivi ty tensor 

due to independent bands of electronic carriers represented by spherical 

sheets of Fermi surface with an isotropic scalar relaxation time. 

Grenier et a12 extended the Sondheimer-Wi lson results to el 1 ipsoidal 

surfaces, and Mackey and Sybert3 have recently succeeded in adapting 

the Sondheimer-Wilson approach to arbitrarily oriented ellipsoids with 

a tensor relaxation time. The latter is about the most general case 
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that has been worked to conclusion. Non-ellipsoidal Fermi surfaces 

have been treated by other formalisms, but the results obtained are 

limited. 

magnetic fields, while the vector mean free path method5 leaves the 

results in quadratures. Another possibility is the graphical method, 

in which the correct Fermi surface is simulated by a planar faced 

model6, but this method, like that of Jones and Zener, seems to be an 

inherently weak field approximation. 

The Jones-Zener expansion4 is useful only at very weak 

How does one calculate the 

magnetoconductivities of non-ellipsoidal Fermi surfaces in a manner 

suitable for comparison with experiments not restricted to weak or 

strong field limits? 

The breaking of a similar impasse which existed for energy band 

calculations was largely due to recognition of the physical signifi- 

cance of certain geometrical features of the Fermi surface. Perhaps 

it is also true for transport effects, that features of the results 

bbtained for an ellipsoidal surface have a geometrical interpretation 

which transcends the ellipsoidal limitations of the calculation. 

in this paper, it is shown that there exists a simple geometrical 

interpretation of the results of Mackey and Sybert when applied to tilted 

ellipsoids symmetrically arrayed about the direction of the applied 

magnetic field: Reasonable quantitative success has been obtained in 

developing a band model based upon this geometrical interpretation 

which predicts the galvanomagnetic coefficients of tungsten at 

effectively arbitrary field strength7. 

/’ 
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THEORY 

It is well known that an appropriate description of the dispcrsion 

relation o f  a degenerate energy band at the Fermi energy is, in some 

cases, given in terms of a mass tensor. It may also be appropriate, 

as proposed by Herring and Vogt8, to describe some scattering processes 

in terms of a relaxation time tensor. Mackey and Sybert3 have derived a 

very compact form for the isothermal electrical magnetoconductivity 

tensorO- of a model metal of the above type. In gaussian units, 
0% 

their results for a single electron band with spatial charge density 

A 
0- = ne@ 

A 

where h is the magnetic part of the applied field tensor. For a 

uniform steady field 13 ., one can always, as is customary, describe 
A 

in a laboratory coordinate system oriented such that 

c 
c 

h 
In this same system, "b"dB and are the mass and relaxation time 

tensors. The laboratory system is not generally the principal axis 

system, but is obtained from the principal axis system by an orthogonal 



#% 
a7 

6 ‘  transformation 

For the spec 

laboratory 3 (fie 

about the 1 princ 

. Explicitly 

fic example of an ellipsoid tilted away from the 

d) direction by a rotation through an angle 

pal axis, the preceeding definitions imply 

k 

It was shown by Onsagerg that, if 

defines an axis of at least three-fold 

metal, that the only non-zero elements 

tensor are ql= Czz , z -  

isotropic case. A specific example wh 

the laboratory 3 direction 

rotational symmetry in the 

of the magnetoconductivity 

and q3 , as in the 
ch satisfies this condition 

4 

S 

that of three tilted ellipsoids symmetrically placed about the 3 - 

direction. The discussion that follows will focus upon and 
ii 

, the total transverse magnetoconductivi ty and Hal 1 conductivi ty 
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due to the three ellipsoids. Following Mackey and Sybert, the results * ,  

are 

q;=-3nec 

where the subscript i would denote the i th such band 

multi-band model/ The above result i s  formally ident 

Mackey and Sybert, but the elements of their 

their use of a ”8’ which was diagonal in the labora 

A 

A 

sys tem. 

(1 0) 
of carriers in a 

cal to that of 

different due to 

ory coordinate 

The object is to now indicate the geometrical significance on a 

Direct substitution 

in terms of the principal axis tensors V f i p  

Fermi surface of the quantities 

for the elements of 

i and ai . 
6 S 

‘4 
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The actual scattering anisotropy should be expected to fall between 

two limiting cases'of these last expressions. 

Limiting -- Case I.): Complete Scattering /sotropy 

Isotropic scattering i s  defined here as that scattering which is 

independent of the direction of the i? vector on the Fermi surface. 

1 t is characterized by the condition zz T2 = 7, 5 T* 
I d 

The interpretation of 

ellipsoidal model. 

M X  

and ai is unambiguous for this case of the 

6 {gz The semi-aFes of each ellipsoia are given by "8 Y Q  1 2 

& $%i 
and ( 2 m 3  yo p , where $5" is the 

Fermi energy. The extremal intersection between one of the ellipsoids 

and a family of planes normal to the direction of the applied field is an 

elliptical extremal orbit, the enclosed area A, of which determines 

. the de i-iaas-van Alphen frequency. Elementary mensuration formulae give 

For a quadratic dispersion law, the cyclotron effective mass 

is given by 
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Therefore, 

a standard result.2 

The equivalent result forai 'is not standard. Consider the ratio 

. In this ratio, 
vb, 

is the perimeter of the extrema1 orbit, and is the 

perimeter of a circle which would enclose the same area 

as that enclosed by the extrema1 ellipse. Application of elementary 

A e  

mensuration formalae in order to determine this ratio yields the very 

simple result 

- ~ 

This result leads one to interpret a. as a geodesic factor in the 
magnetoconductivity which partially describes the shape of the path a 

typical carrier traverses upon the Fermi surface as the momentum o f  

the carrier is reversed by collisions. 

t 

Limiting Case 2 . ) :  Complete'Scattering Anisotropy 
__7- 

Completely anisotropic scattering . .  i s  defined here as that 
A 

scattering in which the tensor is scaled in direct proportion : P 
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A 
to the tensor ?%!, D L  . 1 t is characterized by the condition 

tJ 

where 

-f?- 
relaxation time of the band for the stated field configuration. In 

this case, one immediately obtains the results 

is the cyclotron effective mass as defined earlier, and 

is now defined by the above condition as the effectiie 

The assumption of completely anisotropic scattering on an anisotropic 

Fermi surface has led, as a little reflection will show it should, tc 

the standard result for isotropic scattering on a spherical Fermi 

surface - 
From the two lim 

form for the intermed 

ting cases, one can now speculate an interpolation 

ate case. The simplest possibility is 

a/ .,' 

o r P : . c  2 .  
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CONCLUSlON 

The perimeter rule, Eq. (18) is the focal point of this work. It 

is interesting that the coefficient a-  has such an interpretation. 
Interest in Eq. (18)should not be great, however, unless it can be 

L 

,‘ 

shown that Eqs. (17) and (18) along with Eqs. (7) and (8) are 

applicable to more complex,and unsolved problems. Eqs. (17) and (18) 

with i’= I 
tungstenlO, and this will be detailed in the following paper’. The 

quantitative success achieved in that application was sufficient to 

prompt this separate report. 

have been appl ied to the complex Fermi surface of 
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ABSTRACT 

In the context of specific scattering processes, the galvanomagnetic 

coefficients of a metal crystal should be expressible in terms of 

features of the Fermi surface. For energy surfaces more complex than 

ellipsoids, however, analytical solutions of the transport equations 

with the most tractable scattering assumptions have not been found, 

except in quadratures or in an asymptotic limit of the applied magnetic 

field. A procedure is introduced here fo r  the purpose of predicting 

approximate values of arbitrary field galvanomagnetic coefficients of a 

metal with non-ellipsoidal Fermi surface sheets. The procedure is 

based upon a semi-empirical extension of the solution f o r  ellipsoids. 

An application of the procedure to the Fermi surface of tungsten and 

measurements of the Iow field galvanomagnetic coefficients of a tungsten 

crystal are described. The prediction is generally successful. No 

attempt i s  made to adjust parameters or obtain best fits to curves. 

The intent is to show how closely one can estimate by a simple, first 

trial method. 

) 
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I NTRODUCT I ON 

Certain transport effects, particularly the Hall effect and the 

magnetoresistance, are frequently treated as tools for investigating 

the Fermi surface of metals, with scant attention being given to 

transport processes per se> Conversely, one frequently cited justifi- 

cation of Fermi surface determinations is that transport properties of 

the electronic carriers in a nearly perfect, large metal crystal can 

be derived from the shape of the Fermi surface,. 

erable mathematical difficulties, however, in solving a kinetic 

transport equation and current integrals for the complicated dispersion 

relations indicated by most Fermi surfaces. Only for ellipsoids and 

elastic scattering have reasonably complete results been obtained. A 

There are consid- 

i particularly compact and general treatment of the galvanomagnetic 

coefficients for ellipsoidal energy surfaces was given by Mackey and 

Sybert2. 

simple geometrical interpretation of the SondheimerTWi lson parameters4 

which appear in the results of a Mackey-Sybert calculation of the 

magnetoconductivity tensor for tilted ellipsoids with anisotropic 

In the preceding paper’, it was shown that there exists a 

relaxation time. The implication is that the geometrical interpreta- 

tion may apply to non-ellipsoidal surfaces. 

It is the purpose of this paper to apply the results o f  the 

preceding paper to the Fermi surface of tungsten. A semi-empirical 

scheme is developed for obtaining, from Fermi surface data, a quanti- 

tative estimate of the contribution of a given Fermi surface sheet to 

. ,  the magnetotransport coefficients. The scheme appears to be restricted 

to cases where the magnetic field i s  applied along a symmetry axis of 

the crystal. 
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In a previous paper, the results of high field measurements Gf 

six electrical and thermal transport coefficients in a tungsten crystal 

were pre~ented.~ The coefficients were measured in magnetic fields up 

to 22 kOe directed along a < l o o >  axis at temperatures in the liquid 

helium - 4 range. 

(the product W ~ T  of the cyclotron frequency and the phenornenologicai 

relaxation time much greater than unity) and is not a very stringent 

test of the proposed scheme. 

measurements of the magnetoresistivity and Hall resistivity of the 

That data was obtained under high field conditicr,s 

In order to provide a better test, 

. same crystal were extended into the l o w  (W~T<I) field range. The 

semi-empirical procedure was, thus, subjected to trial over a contin- 

uous field range from 5 Oe to 22 kOe. 

Tungsten is an excellent metal f o r  testing the proposed scheme. 
1 

The major portions of the Fermi surface of tungsten are non-ellipsoidal, 

with the electron "jack" having non-central orbits6, but the topology 

of i t s  individual sheets i s  simple, ,there being no multiple connections 

or open orbits. 



- 4 -  

T H E O R Y  

. .  

The galvanomagnetic effects were measured in a tungsten crystal5 

for  which the electrical resistivity in zero magnetic field was found 

to be essentially independent o f  temperature at 4K. It i s  thus assumed 

that electrical conduction in the crystal was limited by large angle 

elastic scattering characterized by a relaxation time. The Sondheimer- 

Wilson theory4 as modified by Mackey and Sybert2 would, therefore, be 

to the galvanomagnetic effects in the crystal, expected to be applicable 

were its Fermi surface el 

quantization neglected. 

ipsoidal, and any phenomena due to Landau 

n that case, the magnetoconductivi ty (5,)i 
and Hall conductivity (Cr;=Ii 

of equivalent ellipsoids would be given in gaussian units by3p5 

due to the i th such ellipsoid or  band 

_..' 

The quantities e , C , and are the electronic charge, speed o f  

light and applied magnetic field. The i th band contains ni carriers 

per cm3, which if hole (electron) like takes the +(-) sign as indicated 

in Eq. ( I b ) .  Hi and a; are defined from the point of view of rhe 

%- * * * preceding paper3. H; G m;C/e?'; where and M; are the 

effective relaxation time and cyclotron mass of the i th band for the 

specified orientation.of 01 . The geometrical definition of cti i s  

where pwb is the perimeter o f  
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the extremal orbit on the ellipsoid and e;r is the perimeter of a 
circle which would enclose the same area (same de Haas-van Alphen 

frequency) as that enclosed by the extremal ellipse. The exponent 

ranges from the value two for isotropic scattering to zero for 

scattering with the same anisotropy as  the dispersion law. 

The Sondheimer-Wilson theory assumes completely independent bands. 

This implies that the net conductivities of a multiband metal to which 

Eqs. (1) are applied are given by c, = z b a H d s  

b a w l s  and qz = z . 

I 
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EXPERIMENT 

Extension of the galvanomagnetic data into the low field range was 

'accomplished with essentially the same apparatus and procedure as that 

used in measuring the high field coefficients5. 

(lO'lOQ-cm) magnitude of the resistivities in the low field range, a 

few changes were necessary in order to make the measurements with the 

available conventional dc equipment. 

Due'to the small 

All thermometers and heaters used in the thermal measurements were 

omitted, and instead of a single #36 strand, the electric current probe 

was made up of several parallel #30 strands in order to carry currents 

up to 10A. 

liquid helium, significant Joule and Thomson heating were observed at 

Despite this modification and the immersion of the sample i n  

,l the higher currents. This was apparently due to the insulating effect 

of bubbles formed in the helium 1 ,  particularly at the relatively high 

resistivity conducting adhesive contacts5 between the strands of 

copper wire and the sample. Heating effects and the magnetoresistance 

due to the self field of the sample current7 thus limited the maximum 

useable current density to about 90 A/cm2 (1 = 7A) .  

these extraneous effects were obtained by current reversal and by 

measuring the change i n  resistivity as a function of current in zero 

Corrections for 

applied field. 

The zero field resistivity being nearly residual at 4.2K, all 

of the measurements were performed at this temperature for reasons 

of simplicity and economy. 

. .  . , I  

The heating effects could be reduced by 

. working in helium II, but this did not allow higher current densities 

because of the s e l f  field effect. 
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The advantages of enhancing the small signal by increasing the 

current density having been exhausted, the apparatus was further 

simplified by eliminating the six dial potentiometer and feeding the 

voltage probes directly into a Keithly 148 nanovoltmeter mounted at 

the dewar head. With repeated measurements it was then possible to 

verify signa1 changes of less than one nanovolt. Each data point, 

Figs. (2) and (3) is an average of many trials, particularly at the 

Jowest fields. 

i 

4. 
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RESULTS 

The kinetic coefficients Cr;, and qz were computed from the 
measured magnetoresistivi ty f,, and Hall resistivity through 

the usual inversion relations Cr;, s <,,/( fi e .fz:) 

6;, = <*,/({;+ t:) . 
in the Lorentzian form indicated by Eqs. ( l ) ,  the results are shown, 

Figs. (1) and (2), as the quantities H q  and qz plotted against 
$n H . 
6, 
at all fields. The positions of the peaks tempt one to say that a 

"typical" carrier satisfies the condition wc-c = 1 somewhere in the 

field range 50-85 Oe. 

tations of such an estimate. 

is a clear indication that occupied hole states were in greater num- 

and 

In order to display both conductivities 

The H G  curve is seen to peak at about 85 Oe, while the 

data has a truncated peak centered at about 50 Oe and is positive 

The band-by-band analysis will show the limi- 

The positive sign of cz at all fields 3 

ber, however slightly, and also more mobile than occupied electron 

states. This is consistent with the high field data5, which found 

The data points, Figs. 1 and 2, are approximated by an unbroken 

curve. The ordinates of each unbroken curve are the algebraic sums of 

the ordinates of the six broken curves. Each of the six broken curves 

was calculated from Eqs. (1). The parameters 92, , ai and H; 
appearing in Eqs. (1) were determined, as will be discussea in the 

following section, by a procedure utilizing details of the tungsten 

Fermi surface constructed from de Haas-van Alphen data by Girvan, Gold 

and Phillips6 (GGP), a model closely attuned to the theoretical work 

of Loucks8 and Mattheiss9. The parameters are tabulated i n  Table 1 

and specify a model of six independent bands. 



- 9 -  

ANALY S I S 

The following semi-empirical rule was developed for the purpose 

of  selecting a portion of the k-space volume enclosed by a non-ellip- 

soidal Fermi surface to be associated with a given i th band: wher, 

the magnetic field is directed along a given high symmetry direction 

of the Brillouin zone,; each class of extremal cyclotron orbit for that 

field direction may be associated with a distinct band. 

of a band with an extremal orbit is supposedly justified for the 

(Association 

transverse magnetic field transport effects upon the grounds that 

carriers in the vicinity of an extremal orbit are weighted heavily in 

the computation o f  the current, because they tend to have a large 

common velocity component in the direction of the applied electric 
i 
/ field.) If a given sheet ci of the Fermi surface has only a single, 

central extremal orbit 0, for the chosen field direction, then the 

k-space volume of the band associated with 0, may be taken as the sum 

of the total volumes of all sheets within the reduced zone which are 

equivalent ( in the applied field) to the CY, sheet. If a sheet B has 

multiple extremal orbits for the chosen field direction, then the 

k-space volume of the band associated with the j th orbit 0 

taken as the sum of all volumes in the zone which are equivalent to 

may be 
Bj 

the volume contained between a pair of planes that are parallel to 

the plane of the orbit, and pass through inflection points on the 

surface marking transitions from the contour of the j th extremal 

orbit to the (j - 11th and ( j  + 11th extremal orbits on the same sheet 

' B of the Fermi surface. 
J 
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P '  Seven distinct classes of extrema1 area cyclotron orbit exist on 

the GGP surface when the magnetic field is directed along a < l o o >  

axis, the orientation used in the measurements reported here. The 

bands are denoted by a modified version of the orbit notation of GGP. 

The hole Fermi surface includes six ellipsoids centered a t  tht ;  

points N in the zone. Orbits on these ellipsoids are denoted by GGP 

as p .  When the magnetic field is along <loo>, two of the ellipsoids 

have their long axis parallel to the field. A nearly circular orbit 

characterizes the band formed by these two ellipsoids. The band i s  

denoted plN, Fig. 3 .  

long axis normal to the field and display nearly identical elliptical 

orbits of nearly equal cyclotron mass1*. 

The two remaining pairs of ellipsoids have their 

It was assumed that a single 

band, denoted p2N, Fig. 3 ,  i s  formed by these two pairs of ellipsoids, 

thus reducing the number of independent bands from seven to six. 

Most of the holes belong 'to the octahedron centered at the zone 

i 

vertex H. The symbol v was assigned by GGP to orbits on the octa- 

hedron. According to the extrema1 orbit criterion, the contribution 

of the hole octahedron to the data reported here should be charac- 

terized by the nearly square orbit, Fig. 3 ,  which girdles the edges 

of the octahedron for H I1<lOO>. 

to this:band to distinguish it from the < 1 1 1 >  orbit denoted v by GGP. 

The notation v'H has been assigned 

The <loo> electron bands of tungsten are denoted by the syrnbols 
r r ,  TI' and ar. These correspond to the orbits on the r centered jack 
denoted T~ T and a by GGP. The T orbit, also called the four-ball 

orbit is central, while the T ,  or  knob, and a,  or neck, orbits are 

both non-central, F i g .  3.  
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Having apportioned t.he k-space volume enclosed by the Fermi sur- 

face into six bands, the carrier concentration f l ~  of each band, Table 

1,  was simply given as the product 1/4n3x (k-space volume of the i th 

band). 

Values of the coefficient ai , Table 1 ,  depend on two sequefitial 

assumptions. The first of these was that the geometrical definition 

(perimeter rule) of a; as derived for ellipsoids3 is applicable to a 

non-el1 ipsoidal surface. 

lation form of the per,imeter rule was assumed to be unity. 

Secondly , the exponent 'd in the interpo- 

This choice 

seemed probable, since 0 S Y S  2 , and was the easiest to work with. 
One could use d as a fitting parameter if he took the perimeter rule 

very seriously. 
* 

The method used to calculate the quantities H; = YYlyC/eY; 
1 

of each of the six bands depended upon an assumption that the sane 

effective relaxation time "r' applied to all bands. There was no Dasis 

for this assumption other than computational simplicity, and ignorance 

of a better choice. 

H; were scaled by means of effective mass datalo and expressed i n  

terms of a single unknown. The unknown chosen was H, of the high 
mass four ball orbit rI' cn the electron jack; then, H;=(mT/m,")H,. 

46 

4+ 
Upon the assumption of a common ?' , all of the 

From the prescription outlined above, it was possible to calculate 

the product aiMiH; for each band within the common factor HG; t h e n ,  

&U-Yl. L r  

uponr*, which is, at least, a function of the impurity concentration 

in a particular sample. At least one data point was, therefore, 

required. 

determined that ci at;Yli Hi 

4 = i3.65H6 x 1021 Oe-~m-~, Table 1. The factorHG depends 

From high field measurements5 on the same crystal , it was 
I 
i 

= 2.32 x IOz4 Oe-c~n-~ in the context o f  
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\ 
1 . 1  

Eqs. (1) for H7>1-li. 
numbers was then available, Table 1, which was used to calculate the 

individual band and net behavior of Ha;, and qz at all fields, Figs. 

1 t' was thus found that ff 6 = 170 Oe. A set cjf 

1 and 2. 

DISCUSSION 

The qualitative similarity between the predicted and measured 

ified behavior of , Fig. 1 ,  is very satisfactory for such a simp 

calculation. That the gross features of the weak field coeffic 

and the strong field coefficients are simultaneously consistent 

Eqs.  (1) should be well established by these results, since the 

ents 

with 

pos i - 
tion of the weak field relaxation peak was set by the solution for t\, 
as a force fit of Zi aini to the strong field measurements. 

There is no support for the theoretical contention4 that the condition 

i 
i 

w -r>>l invalidates a description of the monotonic conductivities i n  

terms of Eqs. (1) or other results based on a classical transport 

equation. At 22 kOe, the highest field utilized5, uC-r of the massive 

electrons on the TI' orbit reaches the value H/H, = 130. 

C 

behav 

behav 

he quantitative descrepancies 

or  of ffq, can be understood 
or  of the individual bands, F 

between the predicted and measured 

somewhat by studying the predicted 

g. 1. Each band peaks at = H i ,  
Although there are with the peak height being proportional to Q;n; . 

six bands, it should be clear from Fig. 1 that Ha;, is dominated by 

the v 'X  and -rI'-bands and that only very drastic changes of any of the 

other four bands wouId produce a significant adjustment of the calcu- 

lations. 

1/3. 

/ 

The most obvious adjustment is a reduction of H, by about 
A change inH6 is reasonable, as there were never any theoretical 
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grounds for the initial assumption of an equal relaxation time for a l l  * ) /  

sheets of the fermi surface, and the scattering dynamics of the r-Grbit 

would appear to be significantly diffe,rent from the dynamics of the 

other more nearly circular orbits. 
. 

A simultaneous reduction of A,X, 

by about 20% is also indicated. Such a reduction would imply either a 

failure of the perimeter rule or of the method used for apportionment 

of the jack volume among its three extrema1 orbits. 

The Hall conductivity, Fig. 2, i s  a much better test of the 

calculated parameters than k/q,  because the calculated 6;, is a resul- 
' tant of six terms of alternating sign and comparable magnitude, whereas 

Hq, 
peak heights of the individual bands in 6;= are proportional to m i / H i ,  
so the assigned values of 

position. 

is not sign sensitive and was dominated by only two bands. T h e  

are tested by both peak magnitude and 
1 

The bands of high mobility are obviously weighted more heavily 

in ol2  than in Hall and are more sensitive to the assignments, 

without ambiguity due to a,. 
Agreement between the calculated resultant c12 and data is thus 

remarkably good. The fit at low and high field extremes is good and 

the qualitatively large overestimate of the peak height is no larger 

than the height of the least effective of the six bands. Furthermore, 

the q2 results appear reasonabJy consistent with the k/Q;;resul ts. 
discussing f f $  , a 1/3 reduction of H, was suggested. T h e  sane 

adjustment in the q2 calculation removes approximately half of the 

excess peak in the resultant q2 
i s  not implied. 

HC,, 
apparently weakening the perimeter rule. 

In 

. A reduction in the value of Y l c  

The indicated 20% reduction of asylG in the 

calculation would, therefore, come at the expense of A, , thus 
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Thc calculatlon o f  tho K ;  seemingly in e r r o r ,  with a reduction 

of H, indicated, it is fortunate that a sensitive independent chcck 

of this calculation i s  availabla, G,2 

at high fields, the result Xi(z)ni Hi -3.86 x IO26crn-3-Oe2 

was obtained.5 The calculated parameters of table 1 yield a sn;alIer 

number; -1.49 x 1026 cm'3-Oe2. A reduction of H, i s  obvlsusiy incon- 

sistent with the large experimental vaFue o f  .E; ( 2 )  nt . 
An alternative adjustment of the parameters which Is more consistent 

with all of the data would be to Increase, rather than decrease H,, 
while simultaneously transferrfng many o f  the electrons from t h e  four 

ball TI' band to the or band on the adjacent necks of the jack ,  Fig.3.  

From thc field dependence of 
2 

z 
L 

. 
. 

This alternative would also allow retention of the large value of 

calculated by the perimeter rule and tend to produce the shoulder which 

can be seen i n  the peak of the kll data at about 200 Oe. 

The semi-empirical calculation o f  the  kinetic galvanmagnetic 
-- coefficients q, and 'qZhfrving been more suceessful than expected, Ft 

was of inte~est to see how well t h e  Table 1 transport parameters coulc! 

predict the behavior of the thermoelectrjc coefficients measured at 

high  field^.^ 

(1) for ki,netic thermoeleclrOc coefficients cia and E , ,  ere 
For fields Hr>Hi the expressions equivalent eo Eqs.  . ' 

// // 

. .. 

. I  and 
' i .  

' *.: , 
. .  

. .  . .  
. - "  
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where a l l  symbols are e i t h e r  standard,  o r  as defined f o r  E q s .  (1) , except 

3f i  which is  the  dens i ty  of states of t he  i t h  band. The high f i e l d  

measurements5 of 6,, and ga a t  approximately 4.2K temperature were 

subs t i t u t ed  i n t o  t h e  above expressions t o  obta in  t h e  numbers 

N 4 

I n  order t o  c a l c u l a t e  t hese  same q u a n t i t i e s  i n  terms of Table I para- 

meters i t  w a s  necessary t o  arrive a t  a set of numbers fo r ’  t he  -?7; . 
These were estimated from Table I parameters i n  terms of t h e  f r e e  

thus ca lcu la ted  t h a t x i 2 ; =  2.1 x 10 34 e rg  - and z.(2)ZiG..Wi= c 
37 -1 -3  - 0 .38  x 10 erg c m  Oe.  The ca l cu la t ed  z; is  as c l o s e  as should 

be reasonably expected f o r  a f r e e  e l e c t r o n  (band e f f e c t i v e  mass approxi- 

mation) ca l cu la t ion .  It is ,  appropr ia te ly ,  less than t h e  measured va lue  

which conta ins  renormalization terms. The negative s i g n  of z. (3)Z;a; H i  

is  a consequence of t h e  l a r g e  masses 

b a l l  o r b i t ,  which f a r  exceeds t h e  s l i g h t  ho le  major i ty  which g ives  bra 

i ts  p o s i t i v e  sign. The l a r g e  r a t i o  of measured t o  pred ic ted  zi zi6i; tf ; 

is  a l s o  understandable i n  terms of t h e  f a c t o r .  It: w a s  seen i n  tshe 

high f i e l d  measurements5 t h a t  temperature independent l a r g e  angle scatter- 

ing  w a s  only dominant i n  t h e  galvanomagnetic d a t a  and t h a t  t h e  thermal 

e f f e c t s  were, apparently,  cont ro l led  by a s h o r t e r  2nd temperature depend-. 

en t  r e l axa t ion  t i m e .  A set of l a r g e r  Q than those i n  and cz should 
thus be  vrpected t o  determine xLzi4iHd. Eqs. (2) should not  be expected 

t o  work very w e l l  when i n e l a s t i c  processes are s i g n i f i c a n t .  

I 
/ 

L 

of t h e  j a c k  e l ec t rons  on t h e  four  
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CONCLUSIONS 

The low field magnetoconductivity and Hall conductivity for a 

transverse field applied along a < l o o >  axis of the tungsten crystal 

were calculated from high field transport and de Haas-van Alphen data 

according to the proposed semi-empirical prescription. The gross 

features of the calculated coefficients were found to be in good 

agreement with an experimental determination of the coefficients. It 

bears emphasizing that no attempt was made to adjust parameters o r  

obtain a best fit to curves. The intent of Figs. 1 and 2 is to show 

how closely one can estimate by a simple first.tria1 method. 

pancies between data and calculation appear to have been principally 

Discre- 

due to 
\ 

in the 

A 

failure of the assumption of a common relaxation time and errors 

apportionment of the k-space volume of the electron jack. 

definite evaluation of the methods used to apportion the carriers 

among a set o f  bands and to calculate the effect of the shape of the 

Fermi surface was not possible, but the results seem sufficiently 

encouraging to merit additional work for other field orientations and 

other metals. It is hoped that such results might serve to guide those 

who would attempt to obtain solutions of the transport equation. At 

the least they may provide a simple rule of thumb for estimating the 

transport properties of the carriers in a, given region of a Fermi 

surf ace. 

i 
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FIGURE CAPTIONS 

Figure I :  The product of the applied magnetic field H and the transverse 

magnetoconduct vity oll of the tungsten crystal plotted as a function of  

'Inti. 

surface data, Table I ,  and represents a band formed by a class of carriers 

on the Fermi surface. The unbroken curve, which approximately fits the 

data points i s  the sum o f  the broken curves. 

to n.a.. 

Each bro en, peaked curve was calculated, Eqs. (la), from Fermi 

Peak heights are proportional 

1 1  

Figure 2: 

function of the natural logarithm of the applied magnetic field H. Each 

broken, peaked curve was calculated, Eqs. (lb), from Fermi surface data, 

Table 1 ,  and represents a band formed by a class of carriers on the Fermi 

surface. The unbroken curve is the algebraic sum of the broken curves. 

Peak heights are proportional to n./H.. 

The Hall conductivity a12 of the tungsten crystal plotted as a 

1 
,/ 

1 1  

Figure 3:  The six distinct extrema1 cyclotron orbit shapes on the Fermi 

+ surface of tungsten when a magnetic field is applied along a cubic axis. 

A conduction band i s  associated with each orbit in the calculation o f  the 

galvanomagnetic coefficients, Eqs.  (1). 

partitioning of the volume of the electron jack into three volumes, 

corresponding t o  the T, Q and T orbits on the jack. 

The upper left view shows the ' 
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EFFECT OF WEIGHTLESSNESS ON THE TIMING OF GENE EXPRESSION 

AND SPECIFIC ENZYME SYNTHESIS DURING THE D I V I S I O N  

CYCLE OF HIGHER ORGANISMS 

Animal C e l l  Studies: 

The o r i g i n a l  a i m  of t he  research w a s  t o  use an isopycnic density- 

gradient technique t o  select synchronous daughter cells of human cells 

(heLa c e l l s ) ,  from asynchronously-growing populations,  f o r  use i n  cel l  cycle 

s tud ies .  The a i m  of t hese  s tud ie s  w a s  t o  determine i f  t he  timing of enzyme 

synthes is  during the  c e l l  cycle w a s  cont ro l led  a t  t h e  gene t r a n s c r i p t i o n a l  

l e v e l  (a) by a "temporal mechanism" which allows genes t o  be t ranscr ibed  

only i n  sequence as in budding yeas t s  (l), o r  (b) by s o l e l y  "osc i l l a to ry  

endproduct repression", t h e  primary mode of con t ro l  i s  non-compartmentalized 

cells such as bac te r i a  (2) .  The f i n a l  s t age  of research w a s  t o  determine 

the  e f f e c t  of weightlessness on whichever of these con t ro l  mechanisms w a s  

operative i n  the  human cells. 

I n i t i a l  success w a s  achieved i n  cu l tu r ing  t h e  human cells, and 

separating daughter cells from asynchronous populations on density-gradients 

of F i co l l .  However, success w a s  short-l ived because the  daughter cells 

taken from these  F i c o l l  g rad ien ts  would not  grow. Variations i n  c u l t u r a l  

conditions (e.g., CO -tensions,  d i f f e r e n t  Fuf fers ,  serum content,  e t c . )  

and gradien t  composition (e.g. ,  p u r i f i e d  F i c o l l ,  d i f f e r e n t  osmolar i t ies  of 

2 

sa l t s ,  e t c . )  f a i l e d  t o  remedy the  problem. Considerable t i m e  ( severa l  

months) and expense went i n t o  t h i s  phase of t h e  p ro jec t .  Because of these  

problems, w e  decided t o  temporarily abandon t h e  work with human cells i n  
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1 
* i  

favor of working with synchronous cells of Chlorella which would grow after 

being subjected to Ficoll density-gradient fractionation. In a recent 

issue (January, 1970) of Science (Vol. 167, pp. 80-82), Fox and Pardee also 

reported that animal cells fractionated upon Ficoll gradients would not 

grow. This problem was corrected by addition of serum to the Ficoll gradients, 

a treatment which we did not try. 

Chlorella Cell Cycle Studies: 

1. The first phase of research was to determine if Chlorella, a highly 

compartmentalized eucaryote, regulated enzyme synthesis at the gene level by 

a mechanism similar to that in budding yeast (temporal mechanism) or to that 

in bacteria (oscillatory endproduct repression). 

Experimental results: Isocitrate lyase was inducible (desepressible) through- 

out the cell cycle, even though its basal activity (un-induced) remained 

constant and then increased as a single-step at the end of the cell cycle. 

\ 

The rate of induction of this enzyme also increased 4x in a single-step as 

did the level of cellular DNA. These data indicate gene potential is con- 

tinuous during the cell cycle and gene transcription with resultant enzyme 

synthesis is regulated by "oscillatory endproduct repression" as in bacteria. 

2. The second phase was to determine the factors affecting the synthesis 

of enzymes which function in different subcellular organelles. 

Experimental results: (a) Carboxydismutase, a chloroplast enzyme, was 

synthesized as a single-step during the first 0.5 of the cell cycle when 

neither the chloroplast nor nuclear DNA appeared to be replicating, 

indicating that the transcription of the structural gene of this enzyme 

is not obligately coupled to gene replication. Comparison of rates of 
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synthes is  of t he  enzyme i n  daughter c e l l s ,  having been synchronized by 

l ight-dark periods t o  those se l ec t ed  with F i c o l l  g rad ien ts  from continuously- 

l i gh ted  c u l t u r e s ,  ind ica ted  t h a t  t h e  timingof synthesis of t h i s  enzyme i s  

a l s o  probably cont ro l led  by o s c i l l a t o r y  endproduct repression. 

(b) I n  con t r a s t  t o  carboxydismtase,  t h e  cytoplasmic enzyme, a s p a r t a t e  

transcarbamylase (ATCase), increased i n  a s ingle-s tep  p a r a l l e l i n g  the  

s tep- increase  i n  t o t a l  c e l l u l a r  DNA i n  t h e  last 0.5 of the  c e l l  cycle. 

Although exogenous u r a c i l  could be u t i l i z e d  t o  support nuc le ic  ac id  synthes is ,  

added u r a c i l  f a i l e d  t o  repress  t h e  stepwise increase  i n  ATCase a c t i v i t y .  

The addi t ion  of 6-azauracil  t o  cells ,  during t h e  period of t he  cyc le  i n  

which ATCase a c t i v i t y  remained constant,  r e su l t ed  i n  a rap id  decrease i n  

ATCase a c t i v i t y  ins tead  of t he  an t i c ipa t ed  increase  due t o  derepression. 

These da ta  suggest t h a t  ATCase synthes is  may be fully-repressed during t h i s  

period of t h e  cycle. Moreover, s ince  ATCase a c t i v i t y  a l so  was shown t o  decay 

rap id ly  i n  crude c e l l  sonica tes  o r  i n  p a r t i a l l y  p u r i f i e d  preparations i n  

absence of e i t h e r  u r i d i n e  monophosphate ( U M P )  o r  carbamylphosphate, t he  

r e s u l t a n t  l o s s  of ATCase a c t i v i t y  -- i n  vivo upon addi t ion  of 6-azauracil  ( a  

blocking agent of UMP synthes is )  could be due t o  a reduction i n  endogenous 

UMP. The addi t ion  of cycloheximide (a p ro te in  synthes is  blocking-agent) t o  

c e l l s  during the  period of constant ATCase a c t i v i t y ,  a l s o  r e su l t ed  i n  decay 

of t he  enzyme's a c t i v i t y ,  suggesting t h e  rate of ATCase synthes is  and break- 

down equaled each o the r  during t h i s  period of the  c e l l  cycle.  

3. The t h i r d  phase involved the  test  of a proposal by Schmidt (3) which 

s t a t e d  t h a t  t he  continuous but a l t e r n a t i n g  exponential rates of synthes is  

of c e r t a i n  nucleotide b iosynthe t ic  enzymes during t h e  c e l l  cycle represented 

the  sum of a c t i v i t i e s  of isoenzymes synthesized i n  stepwise fashion a t  
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h 

i 
d i '  discrete but overlapping periods of the cell cycle. 

model, it was decided to attempt to measure the independent activities of 

isoenzymes during the cell cycle to determine if synthesis of individual 

enzymes is indeed stepwise as proposed. 

separate activities of "proposed" isoenzymes of nucleotide enzymes which 

would be difficult to distinguish from each other without physical separa- 

tion, an attempt was made to select isoenzymes with specific cofactor or 

coenzyme requirements so that they could be independently assayed in the 

presence of each other. Reports that certain higher plants, fungi, and 

bacteria contain both NAD+- and NADP+-dependent glutamate dehydrogenases 

prompted us to determine if Chlorella might have isoenzymes of this enzyme 

with specific coenzyme requirements that could be employed in cell cycle 

studies . 
Experimental results : 

dehydrogenase 

These were independently assayed during the cell cycle and were found to 

increase at differential rates but in approximately a stepwise manner during 

the cell cycle. 

4 .  

To test Schmidt's 

Rather than try to measure the 

I 

One NADP+-dependent and one NAD+-dependent glutamate 

were discovered in Chlorella by use of disc-gel electrophoresis. 

A modified procedure for measuring the level of total cellular DNA with 

minimum interference from non-DNA cellular components was developed. 

5. A procedure for the isolation of intact chloroplasts (from Chlorella) 

oq linear, sucrose density gradients was developed. 
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VARIABLE PARAMETER NETWORK DESIGN 

Summary 

The objec t ive  of t h i s  p ro jec t  w a s  t o  develop design techniques f o r  RC 

active networks which are s u i t a b l e  f o r  i n t eg ra t ed  c i r c u i t  construction. 

p r inc ipa l  d i f f i c u l t y  encountered i n  t h e  design of continuous-time a c t i v e  

networks is the  inaccuracy of response r e s u l t i n g  from a combination of 

temperature d r i f t ,  e f f ec t ing  a change i n  the  gain of t he  a c t i v e  device, and 

The 

s e n s i t i v i t y  of response t o  the  gain of t h e  ac t ive  device. Clearly,  two 

approaches toward reduction of these  inaccuracies are indica ted :  1) t o  pro- 

vide a constant temperature environment, as i s  commonly done, and 2)  t o  

design t h e  network such t h a t  device ga in  changes do not  appreciably a f f e c t  

t he  network response. 

I n  t h i s  p ro jec t  t he  la t ter  approach w a s  taken toward t h e  design of 

gain insens i t ive"  networks. The key idea  t o  accomplish t h i s  t a s k  w a s  t o  I1 

use variable-parameter elements, e.g. voltage-controlled va r i ab le  r e s i s t o r s ,  

i n  appropriate feedback configurations t o  compensate f o r  ac t ive  device varia- 

t ions .  

Introduction 

The advent of i n t eg ra t ed  c i r c u i t  techniques has given a g rea t  impetus 

t o  the  use of a c t i v e  c i r c u i t s .  The design of these  microc i rcu i t s  i s  contin- 

ua l ly  being improved, i.e. the networks are being constructed i n  such a 

manner as t o  be less and less s e n s i t i v e  t o  the  gain va r i a t ions  of t he  a c t i v e  

components. It w a s  proposed i n  t h i s  p r o j e c t  t o  inves t iga t e  the  f e a s i b i l i t y  

of self-compensating networks through t h e  use of FET's i n  appropriate feed- 

back s t ruc tu res .  After preliminary consideration two s i t u a t i o n s  w e r e  looked 

a t :  1) t h e  case where a reference w a s  provided from ex te rna l  c i r c u i t r y ,  and 
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@ i 2) the case where a self-reference was developed using basically either 

thermocouple or thermister circuits. Only simple network structures were 

considered due to the lack of manpower available for the investigation. 

Problem Investigation 

After sufficient expertise has been developed in constructing basic 

networks with appropriate compensation, the network illustrated in Figure 1 

was proposed as a solution to the gain-temperature drift. 

X Y 

Active Network 
consisting of 

R, C and Op. Amps 

i . -  I Feedback Temperature 
circuitry VT reference 

(ETSI circuitry 

Figure 1 Self-Compensating Active Networks 

The Figure 1 is almost self-explanatory, however, a few words on the 

operation may be necessary. 

order) active network, such as an inverter, integrator, etc. 

The main block shown represents a general (low 

The feedback block represents an interconnection of voltage-variable 

resistors (FET's) and the main active network. This feedback circuitry has, 

in addition, an independent input from the third block. 

differs from some nominal value only when the ambient temperature changes. 

This input (voltage) 
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A s  such then, t h i s  vo l tage  vT is an encoded temperature measurement. 

The operation is  simply explained. When t h e  ambient temperature changes, 

both vT and the  r e l a t i o n  between x and y (input and output functions of t h e  

o r i g i n a l  active network) change i n  some predetermined manner. The complete 

design i s  t o  have t h e  increase ,  say,  i n  vT be such t h a t  t he  change i n  t h e  

r e l a t i o n  between x and y i s  adjusted back t o  t h e  o r i g i n a l  r e l a t i o n ,  i .e. 

s e l f  -cornpens a t  ion. 

As  an example of Figure 1, consider t h e  network of Figure 2. The i d e a l  

output is  given f o r  y;  however, f o r  frequency va r i a t ions  above l o 6  Hz, t h e  

gain of t he  opera t iona l  umplifier w i l l  influence t h e  output y ( t )  as w e l l .  

I n  such a s i t u a t i o n  a given temperature change would change the  r e l a t i o n  

between x and y; therefore ,  i f  Ri could be adjusted e l e c t r o n i c a l l y  i n  a way 

t o  compensate f o r  t h i s  r e l a t i o n  change, the  t o t a l  network would be s e l f -  

compensating o r  i n s e n s i t i v e  t o  temperature va r i a t ions .  The so lu t ion  is then 

t o  replace R i  with an FET, whose r e s i s t ance  i s  a function of t he  input 

x 

r I 
R: I 

e e 

Rlz y = -  c 
F X 

voltage. 

appropriately t o  r e tu rn  the  network t o  i t s  spec i f i ed  operation. 

network is  shown i n  Figure 3 .  Note t h a t  t he  equivalent gain K must be known 

This input  vo l tage  is  i n  tu rn  derived from vT of Figure 1 

The complete 
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Figure 3 Canpensated Inverter Circuit 

as a func t ion  of t h e  temperature. 

problem s i n c e  t h i s  is  a simple measurement t o  ob ta in  and is  c lose ly  repeated 

from ampl i f i e r  t o  ampl i f ie r .  

In p r a c t i c e ,  t h i s  poses no s i g n i f i c a n t  

I 

Conc l u s  ion  

Although t h e  p r o j e c t  is  cont inuing on an unsupported b a s i s ,  t h e  developed 

r e s u l t s  obtained i n  the  dura t ion  of t h e  NASA support  were encouraging. 

i s ,  t h e  f e a s i b i l i t y  of such a compensating network does,  i n  f a c t ,  s i g n i f i -  

can t ly  reduce the  t r a n s f e r  func t ion  s e n s i t i v i t y  t o  t h e  a c t i v e  element gain.  

This has been demonstrated f o r  only simple network conf igura t ions  bu t  t hese  

That 

are p rec i se ly  those networks which se rve  as bu i ld ing  blocks f o r  l a r g e r ,  more 

complex networks. 
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NORMAL FLORA OF THE ADULT HUMAN 

The purpose of t h i s  research w a s  t o  determine t h e  number of d i s t i n c t  types 

of anaerobic diphtheroids (proprionibacteria) t h a t  commonly occur as members of 

the normal f l o r a  of t he  human body. 

There is  a range of phenotypic v a r i a t i o n  among s t r a i n s  of anaerobic diph- 

thero ids  t h a t  are frequently found on t h e  sk in  and i n  the  i n t e s t i n a l  t ract  of 

c l i n i c a l l y  hea l th  ind iv idua ls .  Very s i m i l a r  organisms are found i n  s o f t  tis- 

sue in fec t ions  of t he  b r a i n ,  lung, and o ther  body organs o r  blood, sometimes 

as the  only spec ies  present.  Several well-documented cases demonstrate t h a t  

these organisms can be primary pathogens, although t h e  conditions under which 

they i n f e c t  and t h e  poss ib le  gene t ic  d i f fe rences  between pathogenic s t r a i n s  and 

normal f l o r a  s t r a i n s  w e r e  unknown. 

Manned space f l i g h t  requi res  modification of environmental conditions and 

changes i n  s a n i t a t i o n  p rac t i ces .  Resulting changes i n  normal b a c t e r i a l  f l o r a  

present p o t e n t i a l  hea l th  problems, some of which have been ind ica ted  i n  earth- 

bound chamber s tud ie s .  Therefore, it w a s  des i r ab le  t o  determine whether normal 

f l o r a  organisms of t h i s  group are the  same as those t h a t  are associated with in- 

fec t ions .  Available phenotypic da t a  w e r e  i n s u f f i c i e n t  f o r  t h i s  determination 

because pathogenicity w a s  not c l e a r l y  co r re l a t ed  with any ind iv idua l  phenotypic 

c h a r a c t e r i s t i c s  of t he  s t r a i n s .  

The r e s u l t s  of gene t ic  s tud ie s  on over 80 s t r a i n s  of organisms i n  t h i s  group 

are summarized i n  Table 1. DNA w a s  i s o l a t e d  from each s t r a i n  and the  gene t ic  



Relative similarity of DNA preparations of propionibacteria 
I * /  

Competitor DNA from 

strains that conform 

to previous 

descriptions of 

I 
+I 

Reference DNA from strains of 

5 

d d d d d d d 

85-* < 40 < 40 i 40 < 20 < 20 < 20 66 100 
P . f reunedrei eh i i  
P.  shemanii  

P. jenseni i  

5 0  < 40 < 20 < 20 < 20 66 P . raffinosacewn 85- 
P. pe terssoni i  < 40 100 

P. technicurn 
P. zeme 7.8 

~~ 

P. thoenii  
P .  r u b m  

< 40 50 85- < 40 < 20 < 20 < 20 65 

85- < 20 < 20 i 20 65 100 
P.  acidi-propionic4 < 4o < 4o < 40 

P. mabinoswn 

50 < 20 59 P. acnes < 20 < 20 < 20 < 20 

P. avidwn i 20 < 20 < 20 < 20 50 85- < 20 62 

100 

P. granu Zosum -< 20 .< 20 < 20 < 20 < 20 < 20 85- 63 

* relative similarity value. The relative similarity value 

expresses ( in per cent) the relative effectiveness of unlabeled 
DNA fragments from a competitor strain (as compared with the 

effectiveness of DNA fragments from the homologus [reference] 
strain) to inhibit duplex formation between immobilized reference 

DNA and labeled (reference) DNA fragments. 



s i m i l a r i t y  among t h e  s t r a i n s  w a s  determined by compet i t ive  recombination 

experiments as descr ibed  i n  earlier r e p o r t s .  

These d a t a  demonstrate  t h a t  among t h e  range  of phenotypic v a r i a n t s  t h e r e  

are seven d i s t i n c t  gene t i c  groups ( spec ie s ) .  

d i s t i n c t  spec ie s  t h e r e  i s  a range  of phenotypic v a r i a n t s  t h a t  h a s  l e d  t o  con- 

f u s i o n  and has  made i n t e r p r e t a t i o n  of previous information d i f f i c u l t .  

Within each of t h e s e  g e n e t i c a l l y  

A s  a r e s u l t  of t h i s  work, we found t h a t  

1) 6-8 previous ly  descr ibed  "species" are a c t u a l l y  Propionibacter ium 

acnes 

2) Four,  g e n e t i c a l l y  d i s t i n c t  spec ie s ,  E. acnes, E. avidum, - P. 

granulosum, and - P. j e n s e n i i  are as soc ia t ed  wi th  t h e  human body [some 

mic rob io log i s t s  have r epor t ed  t h a t  only P. - -  acnes i s  as soc ia t ed  wi th  t h e  

body.] The s t r a i n s  from i n f e c t i o n s  are g e n e t i c a l l y  l i k e  those  from t h e  

; normal f l o r a .  

3) Three spec ie s  i n  t h i s  genus, - P. f r e u d e n r e i c h i i ,  - P. t h o e n i i ,  and 

- P. ac id i -p rop ion ic i ,  have n o t  been found a s soc ia t ed  wi th  t h e  human body -- 
they  are found p r i m a r i l y  i n  d a i r y  products .  

We have c o r r e l a t e d  certain phenotypic p r o p e r t i e s  w i t h  t h e  i n d i v i d u a l  gene t i c  

groups and can now d i f f e r e n t i a t e  t h e  spec ie s  wi th  a h igh  degree of accuracy on 

t h e  b a s i s  of t h e s e  p r o p e r t i e s .  This  information has  been prepared f o r  p u b l i c a t i o n  

i n  t h e  8 t h  ed%&ioa of Bexgey's Manual of Determinat ive Bacter iology.  

I n  r e l a t e d  work, we have found t h a t  t h e r e  are two major s e r o l o g i c  groups 

of t he  spec ie s  P. acnes.  S t r a i n s  i n  t h i s  group d i f f e r  i n  c e l l  w a l l  composition - -  
and can be  d i f f e r e n t i a t e d  wi th  f a i r  r e l i a b i l i t y  on t h e  b a s i s  of commonly avail- 

a b l e  phenotypic tests. 
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s i  In summary, we have demonstrated that there are four distinct species of 

propionibacteria that are found as members of the normal skin or intestinal 

flora. 

sometimes as the only organism present. Phenotypic characteristics that dif- 

ferentiate the genetic groups have been defined. 

changes in numbers of these organisms on the skin or in the intestinal tract 

can be interpreted on an accurate basis. Such changes may occur as a result 

of modified metabolic activity or modified sanitation practices and do concern 

potential health problems. 

These organisms are the same as those associated with human infections, 

Thus for the first time, 
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EFFECTS OF BEHAVIORAL RESPONDING ON 
SKIN CONDUCTANCE LEVEL1 

JOSEPH GERMANA 

Virginia Polytechnic Institute, Blacksburg, Va 

Suzmmy.-The effects of behavioral response requirements on skin con- 
ductance level (SCL) were studied. Initial Ss were placed in either a “non- 
respond” (NR)  or a “respond” (R) condition. No clear effects were observed 
other than large differences in individual response to both conditions. Subse- 
quent use of a within-& replication design showed, however, that behavioral re- 
quirements have a tonic effect on SCL and that anticipatory changes in SCL may 
occur prior to the R condition. The results support the hypothesis that auto- 
nomic and behavioral events are essentially integrated and, in addition, suggest 
the efficacy of the within& replication design in treating individual differences. 

A central assumption underlying psychophysiological research is that there 
exists some essential, meaningful basis for correlated physiological-behavioral 
activity; that there exists, for example, a fundamental neurophysiological inte- 
gration of autonomic and somatic events. Support for this assumption has been 
provided by neurophysiologists ( cf. Gellhorn, 1967 ) and by psychophysiologists 
(cf. Germana, 1969). 

Recent studies conducted in this laboratory (Germana, 1968; Germana & 
Chernault, 1968) have attempted to investigate the fundamental nature of auto- 
nomic-behavioral correlation. We have been attempting, in a sense, to “strain” 
this correlation by manipulating elemefitul behaviors in human Ss. Behaviors 
such as single or multiple finger-movement and number-naming are regarded 
as elemental to the extent that they are discrete behavioral events which prob- 
ably involve minimal cognitive and emotional process. The results of these 
studies support the view that autonomic and behavioral activities are highly cor- 
related in a wide variety of situations including those involving elemental be- 
havior. 

Germana (1968) has found, for example, that instructed changes in these 
kinds of behavior (e.g., a change in the number of required finger movements) 
may be as effective as stimulus novelty in producing re-emergence of the ori- 
enting reflex. In another study, we investigated GSRs to signal and non-signal 
stimuli (Germana & Chernault, 1969). Employing the elemental behaviors 
mentioned above, it was found that signal stimuli (those with instructed be- 
havioral associates) produced GSR patterns characterized by multiphasic activ- 
ity (superimposed responses) and by a persistence or tonic feature (longer re- 

’This research was supported by a grant from the National Aeronautics and Space Admin- 
istration, NGR 47-004-006, Project 313181. I thank G. Chernault for his assistance in 
conducting these experiments. 
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cruitment time). Both characteristics were subject to habituation. In contrast 
to this prior study, which was concerned with the “fine-grain” analysis of GSRs 
to signal stimuli, the present experiment was designed to investigate the effects 
of behavioral response requirements on skin conductance level (SCL) . It rep- 
resented, therefore, an attempt to study the tonic effects of behavioral involve- 
ment, “responsibility,” on an autonomic measure. The study is presented through 
its initial failures in the hope that a methodological contribution can also be 
made. 

METHOD 
Szvbjects 

Thirty-two male undergraduate students enrolled in an introductory psy- 
chology course participated in the study. The records of five additional Ss were 
discarded because of apparatus failure, previous participation in a psychophysio- 
logical study, or because of consistent failure to follow instructions. 

A p paratas 
A Grass Model 7 polygraph, equipped with 7P1 preamplifier, was used 

along with Ag/AgCI electrodes and K-Y surgical jelly to record skin conduct- 
ance. Electrodes were firmly taped to the distal phalanges of the index and ring 
fingers of the right hand after these surfaces had been cleansed with alcohol. 
Preamplifier sensitivity was maintained at a relatively low 2 mv./cm. and poly- 
graph paper speed at a slow .25 mm./sec. for all Ss. 

The experimental stimuli consisted of 35-mm. slides containing a single- 
digit number in written form. Additional slides were used, on occasion, to pre- 
sent black-out intervals and asterisk stimuli. Impulses from a Lafayette timer, 
occurring every 10 sec., controlled advance of a Kodak Carousel projector and 
were recorded on the polygraph. 

General Procedzlre 
Ss were placed in a “non-respond (NR)  and/or a “respond (R)  condi- 

tion. In the NR condition, Ss were instructed to simply “attend” to the stimuli 
and were told that they did not have to respond behaviorally to the slides. In 
the R condition, Ss were required to say each number after it had been presented. 
They were instructed, however, not to respond while the number was being pre- 
sented but were told to withhold the response for a subsequent blank, light inter- 
val. All intervals were of 10-sec. duration. This delay between stimulus and 
behavioral response has been employed in prior studies as a technique for sepa- 
rating GSRs occurring to stimulus items from those resulting from Ss’ behavior. 
In addition, this procedure seems to be effective in extending the preparation 
for overt behavior. 

The first eight Ss were randomly assigned to two groups. Group NR Ss 
were not required to respond to the number stimuli, whereas Group 1R Ss were 
required to say each number once during the subsequent light interval. 
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RESULTS AND DISCUSSION 
The data showed no readily apparent differences between the two groups 

but did demonstrate considerable within-group variation, i.e., individual differ- 
ence in response to each condition. 

It was suggested that an increased "behavioral demand" might provide a 
clearer picture of the effects of behavioral responding on SCL. We therefore 
ran an additional four Ss under a multiple-response (XR) condition and simul- 
taneously doubled the number of trials. These Ss were required to respond by 
saying each number five times during the subsequent blank, light interval. The 
results for these Ss are presented in Fig. 1. No differences were apparent be- 
tween this condition and the previous conditions of the experiment but indi- 
vidual differences in response characteristics were, again, evident. 

SlPxr 

17K 

1 2 0 K  
60rec 

FIG. 1. Skin conductance recordings of four Ss in the "multiple response" (XR) 
condition. Solid 
bar on the time line represents period of instruction and subsequent event marks denote 
slide tray advances. Resistance level at the beginning of the instructions is noted for each 
S. Calibration provided at lower right. 

Increases in skin conductance are represented as upward deflections. 
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The magnitude of these individual differences suggested still another re- 
search strategy- within-Ss replication design in which each S was administered 
both NR and R conditions several times. Fig. 2 presents the results of four Ss 
who were alternately assigned to the NR and R conditions. Ss were instructed 
to respond by saying each number five times when in the R condition and to 
simply "attend" to the stimuli when in the NR condition. The two conditions 
were signalled by black-out and asterisk stimuli which preceded each series of 
number slides. The significance of the black-out and asterisk stimuli was 
changed between Ss. 

It is evident that the R condition tended to elevate SCLs and contrasted 
with the NR condition in this respect. The tonic effect of behavioral respond- 
ing is most clearly demonstrated in the records of the three Ss (S13, S14, S16) who 
began the experiment with higher resistance levels. On several occasions, an- 
ticipatory or preparatory changes toward increased SCL developed during the 
later portions of the NR condition. 

These successful demonstrations led to a reexamination of the effects of 
behavioral responding on the SCLs of 10 Ss who were administered only the R 
condition. A variety of procedures was employed: direct rather than delayed 
responding to the stimuli, a shorter, 5-sec. inter-stimulus interval, different be- 
havioral responses, and an increased number of trials. The results, however, 
were comparable to those presented in Fig. 1, i.e., the only clear effect was the 
marked difference in individual response. 

Lastly, six Ss were run under the within& replication design: two Ss (S27 

and S z s )  were administered consecutive NR or R conditions, two Ss ( S Z ~  and 
&0), conditions of longer duration, and two Ss (S31 and S32), conditions of 
variable duration. Again, the two conditions were signalled by the black-out 
and asterisk stimuli and the R condition required S to say each number five 
times. 

The results of these treatments are presented in Fig. 3. It was again gen- 
erally apparent that the R condition produced a tonic effect on SCL. Anticipa- 
tory changes in SCL occurred but were not generally characteristic. It may be 
suggested that the variable nature of the treatments retarded the development 
of these preparatory effects. 

Also of interest are those instances in which Ss committed behavioral er- 
rors (labeled ERR). Sz9 continued to respond during the initial period of the 
first NR condition, S30 made a similar error of commission and had to be re- 
instructed, and S31 failed to respond on the initial trials of the first R condition. 
In each case, the behavioral error was accompanied by the anticipated change 
in SCL. 

Conclusion 

dicate that behavioral response requirements have a tonic effect on SCL and ' 

The results of the study obtained under the within-Ss replication design in- 

3 
... 
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that preparatory changes in SCL may be demonstrated when fixed orders and 
intervals are used between NR and R conditions. These findings, therefore, 
provide additional support for the general hypothesis that autonomic and be- 
havioral activities are essentially integrated and that this integration is not re- 
served for emergency or emotion-provoking situations. Instead, the correlation 
of autonomic and behavioral events may be demonstrated when elemental be- 
haviors are required. 

Secondly, the present findings suggest that the within-Ss replication design 
may be an effective technique for treating individual difference effects and 
should, perhaps, be employed more frequently. Questions concerning the 
power and generality of results provided by this and related techniques as well 
as questions concerning their appIicability have been thoroughly treated by 
Sidman ( 1960). 
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RESPONSE CHARACTERISTICS AND THE 
ORIENTING REFLEX 

JOSEPH GERMANA 

Virgkia Polytechnic Institute 

Habituation of the orienting reflex (OR) is typically treated as a 
kind of stimulus learning. The results of 3 experiments employing 
the GSR indicate, however, that (a) stimuli which have behavioral 
associates produce greater ORs than those which do not, ( b )  “new” 
behavioral associations produce greater ORs than “old” associations, 
i.e., selective habituation occurs to response characteristics and, ( c )  
level of ORs across habituation trials is a direct function of the 
amount of response information to be encoded. It appears, therefore, 
that the “neuronal model” of a stimulus includes the characteristics 
of associated responses. 

The orienting reflex (OR) consti- 
tutes a diffuse complex of somatomotor 
(e.g., postural) and autonomic (e.g., 
cardiovascular, sense organ) responses 
with three defining characteristics : 
( a )  The adequate stimulus for the OR 
is one which is, to some extent, “new” 
or “novel,” Le., the OR occurs in re- 
sponse to stimuli which have not been 

1 repeatedly presented to the organism. 
- ”  ’ ( b )  The OR is a nonspecific reaction, 

i.e., it occurs in response to changes, of 
at least “just noticeable’’ value, in any 
parameter (frequency, amplitude, dura- 
tion, rate of presentation) of a stim- 
ulus belonging to any sense modality. 
(c) The OR selectively habituates or 
extinguishes to a stimulus which is re- 
peatedly presented. Selective habitua- 
tion is demonstrated by the reemerg- 
ence of the OR which occurs when one 
of the parameters of a previously habit- 
uated stimulus is changed. 

1The research reported here was sup- 
ported by a research grant, Project No. 
31687, from the National Aeronautics and 
Space Administration. The author wishes to 
thank G. Chernault and S. Klein for their 
assistance in conducting the experiments. 
Major portions of this paper were presented 
at  the meeting of the Pavlovian Society of 
North America, Baltimore, September 6, 
1968. 
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Pavlov (1927) noted the biological 
significance of the OR and further ob- 
served that this reaction plays an im- 
portant role in the initial formation of 
conditioned responses, and that the OR 
to extraneous stimuli is capable of 
temporarily inhibiting a well-established 
conditioned response and disinhibiting 
one which is in the process of extinc, 
tion. 

In addition to the importance which 
results from its complex interactions 
with conditioned responses, the OR 
possesses independent significance since 
habituation may, in itself, be viewed 
as a simple form of learning (Hernan- 
dez-Peon & Brust-Carmona, 1961 ; 
Thorpe, 1963). The response changes 
(progressive decrements) which take 
place as a function of repeated expo- 
sure to the stimulus cannot be ascribed 
to fatigue or receptor adaptation. 
Highly selective or specific habituation 
argues against both possibiiities. The 
operations and consequent response 
changes which define OR habituation 
and reemergence would seem to neces- 
sitate at least the temporary storage of 
relevant information within the central 
nervous system. 

These last considerations have led 
several investigators (cf. Lynn, 1966) 
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to speculate on the central neural sys- 
tems which are responsible for the 
production and habituation of the OR. 
Because of their Fircumscribed experi- 
mental operations and probably because 
Pavlov originally described the OR 
as the “what is it?” reflex, these in- 
vestigators have limited their attempts 
to neural schemata which are more or 
less capable of handling the stinzulus 
learning features of OR habituation. 

Sokolov (1960, 1963a, 1963b), e.g., 
has suggested a central “modeling sys- 
tem” which acts in functional parallel 
with both the classical afferent system 
and the amplifying system responsible 
for the production of the OR. Most or 
all of the discriminable aspects of the 
stimulus are encoded within this sys- 
tem, i.e., a “neuronal model” of the 
stimulus is constructed on the basis of 
repeated presentation of the stimulus 
during the habituation series. When 
a stimulus coincides with a previously 
established model, inhibitory impulses 
are sent from the modeling to the 
amplifying system, attenuating the re- 
sponse of the last system to the extent 
that concordance has been achieved 
between model and stimulus. 

Although Sokolov’s conceptualiza- 
tion is capable of interpreting those 
features of the extensive OR data 
which demonstrate that a kind of stim- 
ulus learning takes place during habit- 
uation, his concept of the “neuronal 
model” is limited to this extent. Other 
investigators (Berlyne, 1960 ; Kvasov 
& Korovina, 1965) have suggested, 
however, that at least some of the OR 
components (increments in general 
muscle tension, postural responses) 
should properly be viewed as constitut- 
ing the question “what’s to be done?” 
This view suggests that those central 
structures which are directly or indi- 
rectly responsible for the production 

possible behavioral requirements as 
they are with purely sensory events. 
In addition, Anokhin (1961, 1965) has 
proposed that a model of specific be- 
haviors and associated reinforcement 
outcomes is constructed on the basis 
of the afferent feedback which is pro- 
duced by behavior and the results of 
behavior. 

It is interesting to note that although 
Sokolov (1963b) has provided a sub- 
stantial amount of data concerning the 
effects of endowing stimuli with “sig- 
nal significance,” i.e., pairing them with 
behavioral responses, he has not in- 
cluded response characteristics in his 
conception of the “neuronal model” of 
the stimulus.2 

The research to be reported was de- 
signed to systematically explore the 
possibility that the “neuronal model” 
of a stimulus includes not only the 
parameters of the stimulus, but also 
the characteristics of associated re- 
sponses. 

An important methodological feature 
of these studies should be noted here. 
In all three studies, Ss were instructed 
not to respond behaviorally during the 
presentation of the experimental stimuli 
but were provided with a subsequent 
blank or “response” interval during 
which they performed any instructed 
behavior. Both the stimulus and re- 
sponse periods were of 10-sec. dura- 
tion. This procedure was employed to 
insure that the GSRs to the experi- 
mental stimuli would clearly antecede 
the behavioral responses and would, 
therefore, be unconfounded with the 
autonomic activity that directly accom- 
panies overt behavioral responding. 

2 Sokolov (1963b, p. 287) defines the neu- 
ronal model as “a certain cell system whereby 
the information is stored concerning the 
properties of a stimulus which has been ap- 
died manv times.” of the OR may be as concerned with - 
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EXPERIMENT I 
The first study in the series explored 

the effects of a behavioral association 
on the ORs to stimuli and, in addition, 
generally tested for selective habitua- 
tion to response characteristics. 

Method 
Su&jects.-Thirty-two male and female 

undergraduates enrolled in an introductory 
psychology course volunteered to  participate 
in the study. 

Afifiwatus.-A Grass Model 7 polygraph, 
equipped with 7P5 preamplifier, was used 
along with AgjAgCl electrodes and EC-2 
electrode cream to record GSRs. 

The experimental stimuli consisted of 
35-mm. slides containing any single number 
from one to eight in written form. The stim- 
uli were presented by a Kodak Carousel pro- 
jector and the duration of stimulus and re- 
sponse intervals were determined at  10 sec. 
each by a Lafayette timer. Impulses from 
the timer were automatically recorded by the 
polygraph. 

Procedure.-One-half of the Ss was re- 
quired to respond, in Stage I, by simply 
saying the oddhumbers after they had been 
presented. They were instructed not to 

; repeat the even numbers. The remaining 16 
Ss were required to respond to the even 
but not to the odd numbers. Again, Ss 
were instructed not to respond while the 
stimuli were being presented. Four odd and 
four even slides were presented. 

In  Stage 11, a different random order of 
the eight stimuli was used. One-half of each 
Stage I group ( N = 8 )  was instructed to 
respond to the class of stimuli (odd or even 
numbers) to which they had responded in 
Stage I, whereas the remaining Ss were in- 
structed to respond to the class of stimuli 
to which they had not been responding. 
These constituted the unswitched (U) and 
switched (S) groups, respectively. 

Results and Discussion 
The GSRs to the 16 experimental 

stimuli were measured in change in 
conductance units. Change scores 
were computed as the dserence be- 
tween the conductance level imme- 
diately preceding the GSR and the 
peak amplitude value of the GSR. 
Only resistance changes 500 ohms or 
greater were considered and this same 
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criterion was used to separate multiple 
GSRs, i.e., if the first GSR was sepa- 
rated from a second response by an 
increase in resistance greater than 500 
ohms, the two responses were con- 
sidered as different and only the mag- 
nitude of the first response was com- 
puted. Only GSRs with an onset 
latency of 1-5 sec. were used. This 
last procedure, combined with the 
multiple-response cutoff criterion, pro- 
vided some assurance that only initial 
responses to the stimuli were investi- 
gated. These might reasonably be 
identified as ORs. 

The square root transformation was 
applied to the change in conductance 
scores. 

The results of this study are pre- 
sented in Fig. 1. It is apparent that 
the respond (R) stimuli, those which 
were followed by simple behavioral re- 
sponses, consistently produced greater 
GSRs than the nonrespond (NR) 
stimuli. In addition to demonstrating 
the R-NR and habituation or trials 
effects, the Stage I1 data indicated that 
the GSRs to R and NR stimuli across 
trials were, in part, determined by the 
Group conditions, i.e., whether Ss were 
producing “new” or ‘rold” responses. 

A Groups (S-US) x Response 
Condition (R-NR) X Trials analysis 
of the Stage I data revealed significant 
R-NR, F (1, 30) = .451/.077 = 5.86, 
p < .05, and Trials, F (3, 90) = 
2.493/.063 = 39.57, p < .001, effects. 

The same analysis applied to the 
Stage I1 data yielded significant R- 
NR, F (1, 30) = .310/.050 = 6.20, 
p < .OS, Trials, F (3, 90) = .353/.071 
= 4.97, p < .01, and Groups X Re- 
sponse condition x Trials, F (3, 90) 
= .414/.080 = 5.18, p < .01, effects. 

To further test the hypothesis that 
the Stage 11, Trial 1 R-GSRs of the 
S group constituted a significant in- 
crement over their terminal R-GSRs 
of Stage I, a t test was applied to the 
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FIG. 1. Mean GSRs to respond (R)  and 
nonrespond (NR)  stimuli across habituation 
trials. ( I n  Stage 11, switched Ss performed 
responses different from those of Stage I, 
whereas unswitched Ss performed the same 
responses in both stages.) 

difference between these means, yield- 
ing a paired f (15) = .2.59/.094 = 2.7G. 
p < .01. The same test carried out on 
the US means resulted in a t (15) = 
.044/.094 = .47. 

The latter finding suggests, in a gen- 
eral way, that selective habituation 
occurs to response characteristics. 

EXPERIMENT I1 
The second experiment investigated 

the relationship between degree of 
Stage I1 response change and the ex- 
tent of reemergence of the OR. It 
constituted, therefore, a further test of 

selective habituation to response char- 
acteristics. 

illetlzod 
Szibjecfs.-Thirty male and female under- 

graduates from an introductory psychology 
course volunteered to participate. 

Apparatus.-The same apparatus was used 
to measure GSRs, to present experimental 
stimuli, and to time the stimulus and re- 
sponse intervals. 

An additional polygraph channel, equipped 
with the Grass 7P1 preamplifier, was used 
along with the SP1 accelerometer to measure 
the finger movement responses which were 
the instructed behavior in this study. 

Alternating light and dark intervals of 10 
sec. each constituted the stimulus and re- 
sponse intervals, respectively. 

Procedzwe.-In Stage I, one-half of the Ss 
was instructed to respond to each light stim- 
ulus by making one up-down movement of 
the left index finger during the subsequent 
dark or response interval. The remaining 
15 Ss were instructed to respond by pro- 
ducing 10 such movements. The accelerom- 
eter, taped to the left index finger, recorded 
these finger movements. 

Subsequent to eight Stage I trials, Ss were 
instructed to respond with either 1, 5, or 10 
movements. The instructions differed only 
in terms of the number of requested re- * 

sponses. One-third ( N  = 5) of each Stage I 
group was instructed to make 1 response, 
one-third was told to produce 5 movements, 
and one-third was instructed to make 10 
responses. Thus, three Stage I1 conditions 
mere established: 10 Ss  continued to respond 
with the Stage I response (1 or 10 move- 
ments) ; 10 Ss  were requested to make a 
mean response change of 4.5 movements 
(changes from 1 to 5 or 10 to 5 responses) ; 
and 10 Ss were instructed to make a re- 
sponse change of 9 movements (1 to 10 or 10 
to 1). I n  this way, Stage I response fre- 
quency was counterbalanced and a direct 
test of the effects of response change on 
the reemergence of the OR on two Stage I1 
trials was afforded. 

R esz I Its a 7 1  d 13 iscirssion 
The results of this study are pre- 

sented in Fig. 2. I t  is apparent that 
Stage I response frequency did not 
affect GSR magnitude in any consistent 
fashion and that habituation took place 
across trials. A Groups x Trials 
analysis revealed only a significant 
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Trials or habituation effect, F (7, 196) 
= .349/.087 = 4.01, p < .001. 

The data for the two Stage I1 trials 
demonstrated graded reemergence of 
the OR on the basis of degree of Re- 
sponse Change. A Stage I Frequency 
x Response Change X Trials anaIysis 
of the Stage I1 data yielded significant 
Response Change, F (2, 24) = .920/ 
.262 = 3.51, p < .05, and Trials, F (1, 
24) = .173/.054 = 3.20, p < .lo, 
effects. 

These findings suggest that highly 
selective habituation occurs to response 
characteristics and that the central 
structures which are responsible for the 
production and habituation of the OR 
are sensitive to response as well as 
stimulus parameters. 

EXPERIMENT 111 
If habituation may be regarded as 

the result of progressive encoding of 
both stimulus and response character- 
istics, then it would follow that habitua- 
tion can be affected by the amount of 

) 

A 

Trial 
Stage I Slage Ii 

FIG. 2. Mean GSRs across habituation 
trials of Ss performing either 1 or  10 finger 
movements in Stage I and requested to make 
a mean response change of 0, 4.5, or 9.0 
movements in Stage 11. 
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stimulus and response information that 
will be encoded. The last experiment 
attempted to manipulate the overall 
leveI of ORs across habituation trials 
by varying the amount of response in- 
formation to be encoded. 

Method 
Subjects.-Forty male and female students 

volunteered. 
Procedure.-The Ss were randomly as- 

signed to four groups of 10 Ss each: Group 
0 Ss  were not requested to make any re- 
sponse to the light stimulus; Group 5 Ss 
were instructed to respond by saying any 
number from 1 to 5 (one-half was requested 
to say any number from 6 to l o ) ,  but 
were not to repeat the same number on two 
successive trials; Group 10 Ss were required 
to respond by saying any number from 1 to 
10, also with the provision that they were not 
to make the same response on any two suc- 
cessive trials. A last 10M group was added 
to investigate the effects of mixing response 
classes. These S s  were required to respond 
by saying any number from 1 to 5 (or 6 to 
10) or the letters A to E, with the same 
restriction on successive repetition. Again, 
all Ss were told not to make the instructed 
respoiise during the 10-sec. stimulus light 
period but were to withhold their responses 
for the 10-sec. dark response interval. The 
GSRs of all Ss to the signal light stimuli 
were measured on 10 habituation trials. 

Rcszilts and Disciission 
Figure 3 shows that although habi- 

tuation took place for all groups, the 
overall level of GSRs across the habi- 
tuation series was a positive function 
of the amount of response information. 

A Groups X Trials analysis of vari- 
ance was applied to these data. Sig- 
nificant Groups, F (3 ,  36) = 1.777/ 
.579 = 3.07, p < .05, and Trials, F (9, 
321) = .595/.092 = 9.73. p < .001. ef- 
fects Lvere obtained. 

A Duncan multiple-range test (Ed- 
wards, 1960) applied to the group 
means revealed that only the 10-10M 
difference was not significant beyond 
the ,Os level. 

It should be noted that an interpre- 
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tation other than that based on re- 
sponse encoding may be applied to 
these results. It may be suggested, 
e.g., that level of GSRs across habitua- 
tion trials primarily reflects the gener- 
ality of the preparation to respond 
behaviorally. The Ss in Group 0 were 
not required to make any preparation 
for overt behavior, Group 5 Ss, on the 
other hand, were required to prepare 
for one of five possible responses, while 
both the 10 and 10M Ss were required 
to make a preparation for 1 of 10 
possible responses. The hypothesis 
that magnitude of GSR in the present 
situation may have been affected by the 
degree of experienced “responsibility,” 
i.e., by the degree of generality of be- 
havioral preparations, receives support 
from the fact that Trial 1 GSRs show 
apparent group differences in Exp. I11 
but not in Exp. 11. 

Additional support for such an inter- 
pretation may be found in the ancillary 
observation that “response” require- 
ments typically resulted in postinstruc- 

tional shifts in base levels toward in- 
creased skin conductance whereas the 
“no response” condition did so to a 
lesser extent. It was primarily for this 
reason that the square root transforma- 
tion was performed, since this treat- 
ment operates better than any other 
nonempirical transformation to free 
GSRs from base-line influences. 

GENERAL DISCUSSION 
Whenever it can be demonstrated that 

a system is capable of detecting differ- 
ences between past and present events, 
then it would seem necessary to conclude : 
(a )  that the system is receiving informa- 
tion concerning the present event; ( b )  
that it already possesses information, in 
some form, of the past event; and ( c )  
that it possesses some mode of com- 
parison. If it is necessary, then, to postu- 
late at least temporary storage of stimulus 
parameters in order to explain the demon- 
stration of habituation which is selective 
to those characteristics, then it is equally 
necessary, on the basis of the data re- 
ported here, to postulate the encoding of 
response characteristics. It appears, 
therefore, that the “neuronal model” of 
a stimulus must include the characteristics 
of associated responses. 

A peculiar feature of this last statement 
is the implication that progressive S-R 
learning (habituation) involving molar 
behavior may be shown to have occurred 
in the absence of any modification of that 
behavior beyond its original production. 
The results of Exp. I1 demonstrated, e.g., 
that Ss progressively associated a particu- 
lar response to the experimental stimulus 
in Stage I. That such learning had, in 
fact, taken place was demonstrated by 
Stage I habituation and by the graded 
reemergence of the OR in Stage I1 when 
Ss were asked to produce a different be- 
havior to the stimulus. The behavioral 
responses of Stage I, however, were in- 
variant in their “correctness” from Trial 
1 to Trial 8, providing no indication of 
a trial-by-trial learning. 

Returning to the suggestion that many 
of the autonomic-somatic components of 

, 
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the OR may, either directly or indirectly, 
represent the question ”what’s to be 
done?’ it may be stated that the central 
structures responsible for the production 
of the OR are as concerned with re- 
sponse characteristics as they are with 
stimulus parameters. This rephrasing of 
the “what is it?” question is reminiscent 
of Sperry’s (1952) treatment of percep- 
tion and his encouragement to view the 
brain as a mechanism for governing 
motor activity. 
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ABSTRACT 

Two studies investigating the specific features of galvanic skin responses (GSRs) 
to signal and non-signal stimuli are reported. The results of Exp. I indicate that 
stimuli which have instructed behavioral associates (signal significance) produce 
GSRs which are both multiphasic and relatively persistent in nature. Multiple 
GSRs are produced by the initial presentation of a signal stimulus and the persist- 
ence of the overall response appears to have at least a short-term effect on baseline. 
Exp. I1 was designed to investigate the possible independence of these two charac- 
teristics through the manipulation of response certainty. The results suggest that 
multiplicity and persistence may be separable features of the response to signal 
stimuli in which the latter may be a correlate of response novelty. 

DESCRIPTORS: Galvanic skin response (GSR), Signal and non-signal stimuli, 
Response novelty. (J. Germana) 

In  his pioneering brain stimulation studies, Hess (1954) concluded that 
diencephalic organization is best described in terms of the integrated activity 
of the autonomic and somatic nervous systems. The frequent correlation of 
somatic and autonomic responses led him to suggest the terms, “ergotropic” 
and “trophotropic” for the integration of behavioral responses with sym- 
pathetic and parasympathetic activities, respectively. 

Gellhorn (1967) has comprehensively reviewed the vast neuroanatomical 
and neurophysiological data which support the concept of autonomic-somatic 
integration, while various psychophysiologists have provided evidence of 
another kind through their studies of autonomic-behavioral correlations. 

Ehrlich and Malmo (Ehrlich, 1960, 1964; Ehrlich & Malmo, 1965; Malmo, 
1963), for example, have demonstrated high correlations between heart rate 
and the occurrence of operant behavioral responses. More recently, Obrist 
and Webb have provided evidence for an interrelationship between cardiac 
and somatic activities in classical (Obrist 1968; Obrist & Webb, 1967) 
and operant (Webb & Obrist, 1967a,b) conditioning. 

MacNeilage (1966a,b) has provided data which support Jasper’s (1958) 
earlier finding that blocking of sensorimotor and parietal electrocortical ac- 
tivity is related t o  the preparation for movement. The results of studies by 
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ministration, NGR 47-004-006, Project 31687. 
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Campos and Johnson (Campos & Johnson, 1966, 1967; Johnson & Campos, 
1967) are in acknowledged agreement. 

Pursuing still another line of investigation, Germana (in press) has shown 
that the central structures which are responsible for the production and ha- 
bituation of the orienting response are concerned not only with stimulus param- 
eters but with behavioral response characteristics, as well. The findings 
of these experiments may be summarized in the statement that the ‘heuronal 
model” of a stimulus includes associated response characteristics. 

The above studies support the view that autonomic and behavioral activities 
are highly integrated in a variety of situations and therefore suggest the possi- 
bility of identifying patterns of autonomic activity which reflect the organiza- 
tion and initiation of behavioral responses. The studies reported here were spe- 
cifically designed to investigate patterns of GSRs to stimuli which do and do 
not possess instructed behavioral associates, i.e., signal and non-signal stimuli. 

A general feature of these studies should be noted here. I n  both experi- 
ments, a procedural separation of stimulus and response events was imposed, 
i.e., Ss were told not to  produce the instructed behavior during the presenta- 
tion of the stimulus but were required to withhold their responses for a subse- 
quent, “response” interval. Both intervals were of 10-see duration. This pro- 
cedure was employed to avoid the confounding of GSRs to stimulus and 
response events. 

EXPERIMENT I 

Method 
Subjects. Twenty-five male and female undergraduates volunteered to parti- 

cipate in the study. 
Apparatus. A Kodak Carousel projector was used to present the light, stim- 

ulus and dark, response intervals. A Lafayette timer delivered impulses to  the 
projector every 10 sec. 

A Grass Model 7 polygraph, equipped with the 7P1 preamplifier, was used 
along with Ag-AgC1 electrodes and EC-2 electrode cream to record GSRs. 
Preamplifier sensitivity was set a t  .5 mv/cm for all 8s. 

In  addition, a Grass SP l  accelerometer was used in conjunction with the 
7P5 preamplifier to record the finger movements of ten Ss. 

Paper speed was always set a t  2.5 mm/sec and impulses from the timer 
were automatically recorded on the event channel of the polygraph, 

Procedure. Ten Ss were randomly assigned to the 0 Response condition- 
these Ss did not have to respond behaviorally to the experimental stimuli but 
were instructed to attend to them. 

Five Ss were randomly assigned to the Number (N) Response condition. 
These Ss were instructed to respond by saying any number from one to ten 
during each response interval, with the added provision that they not make the 
same response on two successive trials. 

An additional ten Ss were required to respond to the light stimulus by pro- 
ducing ten up-down movements of the left index finger (FM condition) during 
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the subsequent dark or response interval. The accelerometer, taped to this 
finger, transduced these movements. Five of these Ss made anticipatory errors 
on Trial 1, i.e., they made at  least one finger movement during the stimulus 
interval ; the remaining five Ss were successful in withholding their responses. 

Five trials were administered to all As. 
Treatment of the data. Polygraphic recordings of skin resistance throughout 

the 10-see stimulus and response intervals were traced-out, by hand, on onion- 
skin paper. A common origin was taken at  the onset of the stimulus. This 
method of analysis : permitted the “fine-grain” examination of individual 
skin resistance changes ; provided a continuous representation, in contrast to 
an arbitrary time-sampling ; and avoided the “averaging-out” of variable but 
consistent GSR features. The effects of habituation were investigated by con- 
trasting the responses on the initial and last trials (Trials 1 and 5). 

Results and Discussion 
The results of the Trial 1 analysis are presented in Fig. 1. It is readily ap- 

parent that the GSRs to stimuli with signal significance (Panels C & D) are 
both multiphasic and relatively persistent in nature, differing from GSRs to  
non-signal stimuli (Panels A & B) in these two respects. It is also apparent 
that a t  least four of the five Ss in the FM condition who made an anticipatory 
error on Trial 1 (Panel E) did not show these characteristic GSRs. Thus, the 
features of GSRs to signal stimuli, presented in C & D, seem to reflect the 
preparation for, rather than the occurrence of, behavior. 

The Trial 5 data are presented in Fig. 2. Again, a marked difference in GSRs 
to signal and non-signal stimuli may be noted. It would appear that, although 
there was a reduction in both the multiplicity and persistence of signal GSRs, 
these GSRs could still be differentiated from those occurring to non-signal 
stimuli. Whereas basal resistance was characteristically increasing (downward 
tracing) for the 0 Xs, basal levels remained around pre-stimulus level when 
signal stimuli were presented. It would appear, therefore, that what we have 
termed “response persistence” may primarily represent a baseline effect of 
longer duration than phasic GSRs. The possibly contradictory term, “tonic 
response,” might best describe this effect. 

It should be noted that all FM Ss were comparable on this trial, i.e., the 
recordings presented in Panel E are those of Ss who made an anticipatory 
error on Trial 1 but not on Trials 2-5. 

The results of this study indicate that stimuli which possess signal signifi- 
cance, those that have behavioral associates, produce GSRs which are both 
multiphasic and persistent or tonic in nature and that, although habituation 
of both features may take place, these characteristics may nevertheless serve 
to differentiate signal and non-signal responses. It may be concluded, there- 
fore, that the organization and initiation of behavioral responses have specific 
effects on GSRs. 

Two major hypotheses concerning the multiphasic and tonic features of 
GSRs to signal stimuli may be entertained. The first hypothesis is that these 
two features are interdependent, in fact, inseparable insofar as persistence or 
tonicity is simply the end result of superimposed GSRs. 
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FIG. 1. Trial 1 skin resistance recordings throughout the 10-sec stimulus and response 
intervals. Downward tracings represent increased skin resistance. Panels A & B present the 
responses of Ss in the 0 Response condition (no instructed behavioral requirement). C & 
D present the data from Ss in the Number Response (N) and Finger Movement 
(FM) conditions, respectively. The responses of five Xs in the FM condition who made an 
anticipatory error on Trial 1 are presented in E. Calibration: .50 mv or 500 ohms/cm. 
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FIG. 2. Trial 5 skin resistance recordings throughout the 10-sec stimulus and response 
intervals. Downward tracings represent increased skin resistance. Panel reDresentation 
is as in Fig. 1. It should be noted that the 8s in E did not make an anticipatory error on 
Trial 5. Calibration: .50 mv or 500 ohms/cm. 
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A second hypothesis views the two features as representing different events 
in the organization of behavioral responses. It may be suggested, for example, 
that tonicity represents the primary process of preparation for overt behavior 
whereas GSR multiplicity reflects an instability in the behavioral organization 
resulting from response uncertainty. 

The converse hypothesis is equally appealing on intuitive grounds. The multi- 
phasic feature of GSRs to  signal stimuli may represent the organization of 
behavioral responses over time, in which case, preparation for overt response 
may be reviewed as consisting of discrete, successive events. Tonicity or per- 
sistence may primarily reflect the effect of response uncertainty. 

The second experiment was designed to investigate the inter- or independ- 
ence of these features of signal GSRs in a situation in which response certainty 
was directly manipulated. 

EXPERIMENT I1 

M e t h o d  
Subjects .  Fourteen male and female undergraduates enrolled in an intro- 

ductory psychology course participated in fulfillment of a course requirement. 
Apparatus .  The same apparatus was used to record GSRs, to  present ex- 

perimental stimuli, and to time stimulus and response intervals. 
The experimental stimuli consisted of eight 35-mm slides, each containing a 

series of seven single-digit numbers selected from a table of random numbers. 
The slide tray was programmed so that each of these eight experimental 

stimuli was followed by three blank, light intervals. The blank period im- 
mediately following the stimulus slide was designated as the “response” inter- 
val-Xs were previously instructed to respond during this interval. The next 
blank interval was used by E to inform the S whether the response which had 
been given was “correct” or “incorrect.” The third blank, light period was used 
to instruct S either to respond with a certain number on the next trial or to 
guess which number on the next trial was the “correct” one. The projector 
was timed for 10-sec advance. 

Procedure. All Ss were administered eight learning trials on which the re- 
sponse pattern to be acquired consisted of a simple alternation. Ss were rein- 
forced by confirmation when they responded with extreme left or extreme 
right number responses given  in appropriate order. Ss were informed, in ad- 
vance, that they were participating in a learning study and that  there was a 
pattern of “correct” responses. 

The first four trials were “forced” for all Ss, i.e., they were told what response 
to make on each trial, whereas the last four trials were “free”-Ss were told, 
a t  the appropriate time, to  guess which of the seven numbers presented on the 
next trial was the “correct” one. 

On the first four trials, all Ss were to respond by saying the number, “nine.” 
This number appeared on the extreme left, right, left, and right on Trials 1 4 .  
It did not appear in these positions on Trials 5-8. 

Ten Ss were assumed by E to be completely “in-phase,” i.e., it was as- 

:: 
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sumed that their alternation pattern began with a left response. Thus, the 
four “nine” responses were regarded as “correct” and these Ss were so informed. 
Four of these Ss gave complete evidence of having learned the alternation on 
the subsequent “free” or test trials-four correct responses on the four test 
trials. The remaining six Ss in this group made only 0, 1, or 2 correct responses 
on Trials 5-8. 

Four other Ss were assumed to  be “180 degrees out-of-phase.” It was assumed 
by E that their alternation pattern began with the extreme right number. 
Thus, the four “nine” responses forced on Trials 1 4  were regarded as “in- 
correct” and these Xs were so informed. As might be anticipated, these Ss gave 
no evidence of having learned a right-left alternation-zero correct responses 
on LLfree” Trials 5-8. 

The purpose of this somewhat elaborate procedure was to insure identical 
stimulus and response experiences on the first four trials but to nevertheless 
manipulate reinforcement history on these trials and, therefore, response cer- 
tainty on Trials 5-8. It was assumed that response certainty was greater on 
Trial 5 for those Xs who had received four reinforcements and who later gave 
complete evidence of learning (4L As), on the one hand, than for either those 
Ss who had received no reinforcements and who made “incorrect” responses on 
Trials 5-8 (0 8s) or for those 8s who had received four reinforcements but who 
gave little or no evidence for learning (4NL Xs) . 

The same analysis as that carried out in Exp. I was made of the skin re- 
sistance records of all 8s. 

Results and Discussion 
Figure 3 presents the polygraphic tracings for all Ss on Trial 5, the first 

“free” or test trial. The data from the 0 and 4L Ss are presented in Panels 
A & B, respectively. Panel C consists of the data from four Ss who received 
the initial four reinforcements but who made only 0 or 1 correct response on 
Trials 5-8. The recordings presented in D are also from Ss who gave incom- 
plete evidence for learning but these two Ss were unusual in one of two respects. 
The X demonstrating the larger increment in skin conductance made his one 
correct response on Trial 5 whereas the other S presented here gave correct 
responses on two test trials (7 and 8).  

Although it might appear that the GSRs of the 0 Ss were more multiphasic 
than the GSRs of the other Ss, closer inspection reveals this feature to be an 
artifact of response clustering around base-line. In  fact, the truly salient fea- 
ture of all these data is that persistent or tonic responses occurred for 4L and 
4NL (D) 8s without increase in multiphasic activity, suggesting a possible 
independence of the two features of signal GSRs. 

The lack of increased multiphasic activity in the records of 0 Ss argues 
against the hypothesis that this feature represents an instability in response 
organization resulting from response uncertainty. The trend toward more tonic 
responses in 4L and 4NL(D) records, however, argues against the converse 
hypothesis-that tonicity reflects response uncertainty. 

The results of the present study lend support only to the general hypothesis 
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FIG. 3. Trial 5 skin resistance recordings throughout the lO-sec stimulus and response 
intervals. Downward tracings represent increased skin resistance. Panel A presents the 
responses of four Ss who received no reinforcements prior to Trial 5 and who demon- 
strated no behavioral evidence for learning on four test trials. B presents the data from 
four Ss who received four reinforcements prior to Trial 5 and produced correct responses on 
all four test trials. The responses of Ss who received four reinforcements but made only 
0, 1, or 2 correct responses on the test trials are presented in C & D. Calibration: .50 mv 
or 500 ohms/cm. 

that the multiphasic and tonic features of GSRs to signal stimuli may be inde- 
pendent. 

Previous research (Germana, in press) suggests another interpretation of 
GSR persistence or tonicity. One finding of this prior study was that orienting 
responses to stimuli reemerge when some physical feature of associated be- 
havioral responses is changed. If it may be assumed that the “correctness” 
of a response serves to differentiate i t  from other responses, thereby contrib- 
uting to response novelty in the early stages of learning, then i t  may be sug- 
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gested that the greater tonicity in the 4L and 4NL(D) records reflects the 
effect of response novelty. The decreased tonicity of signal GSRs from Trial 1 
to Trial 5 in Exp. I supports the response novelty interpretation. The effects 
of response novelty would appear in the X’s preparation for that response. 

Further support for this interpretation is provided by the many psychophys- 
iological studies of learning which have found that trial-by-trial increments in 
activation occur as 8s enter the “learning stage” of conditioning (Germana, 
1968). These trial-by-trial increments in GSR, heart rate, and EEG desyn- 
chronization may reflect the effects of increased differentiation of the Lfcorrect” 
response from all other responses. 
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ABSTRACT 
Neurophysiological and psychophysiological studies have provided a substan- 

tial amount of data concerning the integration of autonomic and somatic responses. 
It is clear that this integration is primarily achieved within the central nervous 
system and that coordinated autonomic-behavioral activity is reflected, at the 
periphery, in the anticipatory and preparatory phases of movement. It is suggested 
that the central efferent organization of these preparatory responses is directly 
responsible for emotional experience. The demonstration that autonomic events 
are highly correlated with behavioral responses is regarded as providing further 
support for the view that the primary concern of the central nervous system is the 
production of adaptive behavior. 

DESCRIPTORS: Autonomic-behavioral integration, Emotion, Psychophysi- 
ology. (J. Germana) 

On several occasions in the recent past, the neural and behavioral sciences have 
been provided with the reflective insights of their most prominent investigators. 
Given the opportunity to  temporarily divorce themselves from their specific 
research programs, these scientists have attempted general overviews of central 
nervous function. It is possible to  identify a major theme in many of these state- 
ments, that is, that the regulation of behavior is the primary function of the 
central nervous system; that the control of overt movement is the intrinsic 
concern and function of organized neural tissue at all phylogenetic levels. 

The preeminence of behavior in the neural scheme is reflected in the following 
representative viewpoints. Sherrington, for example, observed that “recog- 
nizable mind” seems to have arisen in connection with the motor act. “Where 
motor integration progressed and where motor behavior progressively evolved, 
mind progressively evolved” (1952, p. 213). 

Sperry (1952) has urged us to  view the brain as an organ for the transformation 
of patterns of sensory experience into patterns of motor response, and notes that 
an investigation of the terminal operations and finished products of the nervous 
system may be more enlightening than any amount of analysis of sensory input. 
He states that ll. . . the principal function of the nervous system is the coordi- 
nated innervation of the musculature. Its fundamental anatomical plan and work- 
ing principles are understandable only on these terms” (p. 298). 
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In acknowledged agreement, Herricli (1961) states that our search for the 
nervous mechanisms that regulate behavior has focused on sensory experience 
but the significant or key factors may be a t  the other end of the behavioral 
process, i.e., l‘. . . the patterns of central operations involved are determined 
primarily by the ends to be reached by the appropriate behavior” (p. 69). In  his 
discussion of the evolution of the nervous system, he notes that the nerve cells 
of the most primitive systems: l‘. . .form a network that serves to keep all 
parts of the body in communication and so facilitates orderly coordination of the 
bodily movements. In  higher animals with more complicated structure and 
behavior special collections of nerve cells are set apart to provide more efficient 
coordination and integration. These ganglia and brains take a great variety of 
forms in different animals depending on the patterns of behavior manifested” 
(p. 255). 

Highly correlated with these general views of nervous function are those ap- 
proaches to specific psychological processes (e.g., perception, cognition) which 
emphasize the role of efferent responses organized within the central nervous 
system. 

MOTOR THEORIES 

As a general feature, “motor theories” postulate the necessary occurrence of 
efferent processes of some kind. They may be further differentiated, however, on 
the basis of whether the necessary efferent events are regarded as central or 
peripheral in nature. In  the former case, the organization of efferent processes 
within the central nervous system: (a) constitutes or directly leads to the psycho- 
logical event of concern, and (b) independently results in discharge cf peripheral 
end-organs. Peripheral theories, on the other hand, state that end-organ activity 
is a necessary antecedent of psychological process insofar as experience is directly 
dependent on feedback sensations or “reafference” from the periphery. 

The motor theories of thought and consciousness proposed by Max (1935, 
1937) and Jacobson (1932) may serve as examples of peripheral theories and may 
be contrasted with the views of Sherrington (1952) and Herrick (1961) noted 
earlier. Herricli states, for example, that conscious experience arises within an 
inhibitory state, i.e., l l .  . . a stage of uncompleted movement expressed as atti- 
tude . . . and the next step is the release of some pattern of behavior” (1961, 
p. 314). He observes the essential similarity between his concept of an “in- 
hibitory state,” on the one hand, and the concepts of “anticipatory phase” 
(Sherrington, 1952) and 1Lposture’7 (Coghill, 1941), on the other. 

Sperry’s treatment of perception is particularly noteworthy in this respect. 
He observes that: “If there be any objectively demonstrable fact about percep- 
tion that indicates the nature of the neural processes involved, i t  is the following: 
Insofar as an organism perceives a given object, it is prepared to respond with 
reference to i t . .  . . The presence or absence of adaptive reaction potentialities 
of this sort, ready to discharge into motor patterns, makes the difference between 
perceiving and not perceiving . . . the preparation for response is the perception” 
(1952, p. 301). Festinger, Ono, Burnham, and Bamber (1967) have reviewed 



SO JOSEPH GERMANA Vol. 6, No.  1 

efferent theories of perception and their experiments support the role of “efference 
readiness” in visual perception. 

Perhaps the clearest examples of peripheral and central approaches regarding 
the role of efferent processes in psychological responses can be found in theories 
of emotion. The James-Lange theories are, of course, examples of peripheral 
efferent approaches in which the experience of emotion is dependent upon afferent 
feedback from effector organs. In  contrast to these are the primarily central 
theories, e.g., Cannon (1931), Hebb (1949), Lindsley (1951), and others recently 
reviewed by Goldstein (1968). The essential features of these theories are: (a) 
that the emotional experience is primarily regarded as a central event, and (b) 
that the autonomic and behavioral concomitants of emotion result from the 
downward discharge of central efferent structures. If i t  is assumed, in addition, 
that  the same structures mediate the experience and the peripheral discharge, 
then i t  would appear reasonable to suggest that the experience of emotion is the 
direct result of the central organization of efferent activities. 

Some interesting suggestions have been made, in this respect, by Nina Bull 
(1951, 1962). She has proposed that an “attitude” or postural adjustment inter- 
venes between stimulus and emotional response. The attitude is reflexively 
organized and feedback stimuli from its autonomic and somatic components give 
rise to the conscious experience of emotion. The theory represents an attempt to 
reconcile peripheral and central theories of emotion but would itself be formally 
classified as a peripheral approach. The theory does, however, contain some 
interesting suggestions for central efferent theories. First, i t  postulates the 
correlated activity of autonomic and somatic effector organs in which the inte- 
gration is provided by central mechanisms (Bull has made special note of the role 
of the limbic system in emotional behavior). Secondly, the theory postulates the 
central organization of an anticipatory or preparatory stage (attitude) which 
precedes the specific emotional responses of the organism. If the theory were 
modified so that i t  treated the central organization of attitudinal responses as 
the direct basis for emotional experience, it would then constitute a central 
efferent theory comparable to those which have been proposed in perception, 
cognition, and consciousness. 

The viewpoints or suggestions shared by central efferent theories, as proposed 
for various psychological processes, would seem to be the following: 

1. Central activities independently give rise to experience and to the specific 
autonomic and behavioral responses which occur a t  the periphery. 

2. These central activities constitute the organization of autonopic and 
behavioral responses. 

3. Central efferent organization is initially reflected a t  the periphery as an 
anticipatory, preparatory state, or posture. 

4. The autonomic and somatic responses which constitute such a preparation 
for specific behaviors should demonstrate high intercorrelation since they have 
common central origins and are concerned with the same end-product (adaptive 
behavior). 

Of these hypotheses, the last two are most clearly open to direct experimental 
observation and data have become available on these points. 
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NEUROPHYSIOLOGICAL AND ANATOMICAL EVIDENCE FOR AUTONOMIC-SOMATIC 

In  his pioneering brain stimulation studies, Hess (1954) systematically in- 
vestigated diencephalic organization and these data are perhaps the earliest and 
most directly relevant to the question of autonomic-somatic integration. There 
are two general findings which are of concern here. The first consists of the 
frequent association of autonomic and behavioral responses simultaneously oc- 
curring to electrical stimulation of the same site. Examples of these associations 
are : pupillary dilatation accompanied by orienting behavior, blood-pressure 
increments and other autonomic activity associated with rage responses, and 
respiratory and blood-pressure changes correlated with the assumption of sleep 
postures. 

In  view of the high degree of autonomic-somatic overlap that appeared in his 
diencephalic maps, Hess proposed the terms, “ergotropic” and “trophotropic,” 
for those activities and areas which involve the association of behavioral re- 
sponses with sympathetic and parasympathetic responses, respectively. In  
general, the posterior hypothalamus yielded ergotropic, whereas the anterior 
portions yielded trophotropic responses. The organization of these “zones” 
was, however, complex. 

The second feature of these studies which is of interest is the distinction made 
by Hess (1954) between voluntarily aimed movements and the dynamic support 
upon which these specific movements are superimposed. Recognizing the fact 
that the pyramidal-extrapyramidal distinction is primarily an anatomical one, 
Hess proposed the terms, ‘(ereismatic” and “teleokinetic,” for the supportive or 
postural, and specifically aimed phases of motion, respectively. The distinction 
would seem comparable to those cited earlier, e.g., between anticipatory and 
consummatory phases of motion (Sherrington, 1952). 

Gellhorn (1964, 1967) has comprehensively reviewed the literature relating to 
autonomicsomatic integration and demonstrates, in concisive fashion, the 
essential validity of the ergotropic-trophotropic distinction. The “ergotropic 
syndrome,” according to Gellhorn (1957) consists of: sympathetico-adrenal 
events (e.g., a rise in blood pressure and heart rate, dilatation of the pupil, secre- 
tion of sweat, etc., and adrenomedullary secretion), increased somato-motor 
activity, and cortical responses, reflected as EEG desynchronization. In  general, 
trophotropic responses constitute converse changes. 

Gellhorn states that each response complex is graded, depending upon the 
nature and intensity of the stimulus, and the pre-existing state of excitability of 
the ergotropic and trophotropic systems. He has observed, for example, that 
general patterns of ergotropic discharge may be discerned. When stimuli of 
moderate intensity are administered to the organism, only the “neurogenic” 
or sympathetic responses may occur, without involvement of the adrenal medulla. 
More intense stimuli typically produce both the sympathetic and adrenomedul- 
lary responses. Those occasions on which only humoral response may occur have 
not yet been clearly defined. 

In  addition, Gellhorn (1967) clearly reveals the full extensity or generality of 
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autonomic-somatic integration. It is apparent, for example, that ergotropic and 
trophotropic responses can be activated through spinal reflexes. So-called viscero- 
somatic and somatcvisceral reflexes may be mediated at  this level. A most 
interesting demonstration of these effects is the fact that the activity of the 
gamma-efferent system, which acts as a basic reinforcer of somato-motor activity, 
is also influenced by autonomic parameters and vice versa. Gellhorn notes that 
“. . . the intimate relation between the activity of the ergotropic system and that 
of the gamma impulses (and between trophotropic discharges and inhibition of 
the gamma system) contributes effectively to the maintenance of the reciprocal 
inhibition between the two systems’’ (1967, pp. 34-35). 

More complete integration of autonomic and somatic responses occurs a t  the 
supraspinal level. It is clear that the hypothalamus plays a major role in the 
organization of ergotropic and trophotropic responses and that the posterior 
hypothalamus is primarily ergotropic, the anterior trophotropic in nature, as 
Hess observed. 

A full treatment of the autonomic and somatic functions is clearly beyond the 
scope of the present paper. The reader is referred to the extensive treatments of 
this topic provided by Gellhorn (1957, 1964, 1967; and Gellhorn & Loofbourrow, 
1963) and to the reviews provided by Ingram (1960) and Patton (1966). Perhaps 
i t  is sufficient here to note that the hypothalamus may occupy a functionally focal 
position for these responses since i t  is neurogenically capable of interacting with 
limbic and neocortical mechanisms, with thalamic and reticular structures, and 
because of its intimate relationship with the hypophysis. 

Two further points relating to autonomic-somatic integration are evident. 
Extensive brain stimulation studies have shown that autonomic responses may 
be produced through stimulation of a wide variety of central structures and, in 
addition, there appears to be a considerable amount of autonomic-somatic 
overlap existing outside of the hypothalamus. 

Gellhorn (1967), for example, lists stimulation of the following structures as 
producing ergotropic responses: motor and sensorimotor areas of the neocortex 
(and other areas including those designated as “associational”), various areas of 
the limbic system, subcortical structures such as the globus pallidus, the caudate 
nucleus, the medial thalamus, the reticular formation, and the cerebellum. 

An interesting demonstration of the supraspinal representation of an autonomic 
response has been provided by Wang (1964) in his studies of electrodermal 
phenomena. As a result of his extensive investigations, Wang concludes that 
excitatory areas may be found in: sensorimotor cortex, anterior limbic and infra- 
limbic cortex, anterior hypothalamus, a region of the dorsal thalamus, and the 
lateral reticular formation. In  addition, he has suggested that a regulatory sweat 
center exists in the basal ganglia. The existence in this list of known points of 
origin and fiber tracts of the extrapyramidal motor system, which plays a demon- 
strable role in tonic, postural responses (Jung & Hassler, 1960), is readily ap- 
parent. 

Ingram’s (1960) conclusion is particularly appropriate for the present discus- 
sion. He states that: “Interactions between the somatic and autonomic mecha- 
nisms must not be overlooked. It has been clearly shown that these interactions 
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are not only present but exceedingly important . . . somatovisceral and viscero- 
somatic circuits are also modulated by influences from higher regions” (p. 975). 

PSYCHOPHYSIOLOGICAL EVIDENCE FOR AUTONOMIC-BEHAVIORAL CORRELATION 
The field of psychophysiology is explicitly concerned with the correlation of 

physiological and behavioral processes in experimental situations which involve 
the direct manipulation of the behavioral event or process (independent variable) 
and measurement of physiological correlates as dependent variables. Since it also 
aspires to minimal extraneous disturbance of the organism, maintaining the orga- 
nism in its intact state and assuring that its physiological functions are within 
normal ranges, psychophysiological research has traditionally, though not exclu- 
sively, employed methods of surface recording of autonomic function. A central 
assumption of these studies is that there exist some anatomical and physiological 
bases for autonomic-somatic integration and that behavior events, beyond the 
simplest reflex level, have meaningful physiological associates. Because it has 
made this assumption and has employed its distinctive methodology, psycho- 
physiology has provided a substantial amount of data of direct concern to the 
present study. 

Many of these findings have been presented within the framework of activation 
theory and have been reviewed by Duffy (1962). It is clear from this and other 
discussions (e.g., Malmo, 1962) that increments in activation are essentially 
comparable to  ergotropic responses, i.e., they consist of sympathetico-adrenal, 
somato-motor, and EEG responses. High activation levels may be equated with 
maintained ergotropic dominance. 

Activation has been shown to have direct effects on the intensive aspects of 
behavior (e.g., the force and speed of response) but its effects on the directional 
aspects of behavior appear to be more complex in nature. Substantial support has 
been provided, however, for the notion that high levels of activation (Duffy, 1962) 
and short-term increments in activation (Germana, 1967a, 1967b) produce com- 
peting response errors in some situations. 

The present paper will limit its discussion to three research problems which 
have provided data directly relevant to the question of autonomic-behavioral 
correlation. These data concern: the physiological events which precede and ac- 
company the occurrence of overt behavior, the role of behavior in the production 
and habituation of the orienting reflex, and the psychophysiological correlates of 
behavioral learning. 

Activational Correlates of Behavior 
In  some early studies, R. C. Davis and his collaborators (e.g., Davis, 1957; 

Davis, Buchwald, & Frankmann, 1955; Davis, Lundervold, & Miller, 1957) 
clearly demonstrated the high degree of sensitivity of the autonomic and somatic 
systems to a wide variety of stimuli. Activational or ergotropic responses were 
shown to accompany each type of stimulus employed, yielding, as Davis, Lunder- 
vold, & Miller (1957) noted, a pattern of autonomic and somatic responses which 
closely resembled the physiological changes which occur during exercise or in the 
“emergency reaction.” It was also found: that somatic muscular activity is a con- 

) 
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sistent response to stimulation (Davis, Buchwald, & Frankmann, 1955); that a 
behavioral requirement produces the strongest autonomic and somatic responses 
(Davis, Lundervold, & Miller, 1957); and, that activational responses occur to  
warning stimuli which precede behavioral responses (Dawson & Davis, 1957). 

Concerning these last “preparatory responses, ” Jasper (1958) reported that 
blocking of sensorimotor and parietal electrocortical activity was primarily re- 
lated to the preparation for movement rather than to movement, per se. Mac- 
Neilage (1966a, 1966b) has recently provided data which support this conclusion. 

In  an interesting study of autonomic-behavioral correlation, Pinneo (1961) 
demonstrated clear functional relationships between level of induced muscle 
tension, on the one hand, and generalized electromyographic, skin conductance, 
cardiac, respiratory, and EEG responses, on the other. The study suggests, there- 
fore, that there exists a close matching between the intensity of required behavior 
and activational or ergotropic responses. 

Ehrlich and Malmo (Ehrlich, 1960, 1964; Ehrlich & Malmo, 1965; Malmo, 
1963) have shown that increments in heart rate immediately precede and accom- 
pany the occurrence of operant behavioral responses. In  a similar vein, Obrist and 
Webb have recently demonstrated high positive correlations between cardiac and 
somatic activities during classical (Obrist, 1968; Obrist & Webb, 1967) and oper- 
ant (Webb & Obrist, 1967a, 196713) conditioning. 

Germana and Chernault (1968) have reported distinct patterns of galvanic skin 
responses (GSRs) to signal and non-signal stimuli. In  these studies, it was shown 
that signal stimuli (those which have required behavioral associates) produce 
GSRs which are more persistent (tonic) than those elicited by non-signal stimuli. 
I n  addition, signal GSRs appear to be multiphasic in nature. Both the persistence 
and multiphasic characteristics of signal GSRs showed habituation over trials. It 
should be emphasized that the experimental procedure insured that these charac- 
teristic GSRs occurred in response to the signal stimuli and directly preceded any 
instructed behavior. They were, in this sense, preparatory to behavior. 

Some recent studies in our laboratory (Germana, 1969) have investigated the 
effects of behavioral requirements on skin conductance levels. Each S was admin- 
istered multiple, successive “non-respond” (NR) and “respond” (R) conditions. 
In  the NR condition, Ss were required to simply “attend” to each number stimu- 
lus whereas in the R condition they were required to respond by saying the num- 
ber five times. The results clearly showed that the R condition tended to elevate 
skin conductance level and that on numerous occasions anticipatory changes 
occurred in preparation for the R condition. 

The studies presented in this section demonstrate that the preparation for and 
the initiation of behavior produce changes in autonomic functioning which may 
be described as activational or ergotropic. 

Behavior Characteristics and the Orienting Response 
The orienting response (OR) consists of a diffuse complex of autonomic and 

somatic events which seem to be highly comparable to those which have been 
designated as “activational” or “ergotropi~” in this paper. Increments in skin 
conductance, heart rate, pupillary dilatation, general muscle tension, etc., as well 
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as postural responses, have been shown to be consistent components of the OR. 
The OR is a non-specific reaction insofar as it may be produced by a novel stimulus 
belonging to  any sense modality and, in addition, it may be shown to habituate or 
extinguish with repetition of that stimulus. When any characteristic of the stimu- 
lus is changed the OR “reemerges.” 

Pavlov (1927) originally described the OR as the “what is it?” reflex, implying 
that the organism was reflexively attempting, through this reaction, to discern 
the nature of the stimulus. A considerable amount of evidence has accumulated 
to support such an interpretation. Sokolov (196071963a, 1963b), for example, has 
shown that the OR is accompanied by a decrease in visual and auditory thresholds 
and has suggested that the components of the OR may directly (pupillary dilata- 
tion) or indirectly (EEG desynchronization, cardiovascular responses) serve to 
increase sensitivity. 

Without questioning the essential validity of these data, i t  may, nevertheless, 
be appropriate to recall, a t  this time, some earlier statements concerning the role 
of efferent processes in perception. If, for example, Sperry’s (1952) view that the 
brain is primarily an organ for transforming patterns of sensory information into 
patterns of motor impulses is well-taken, it may be reasonable to suggest that the 
essential question being asked by the organism, through the OR, is “what’s to  be 
done?” rather than the purely academic, “what is it?” According to this view- 
point, the organism is primarily concerned with its behavior or the behavioral 
requirements of the situation and asks “what is it?” only insofar as it is concerned 
with “what’s to be done?” 

Such an interpretation has already been proposed for some of the OR compo- 
nents, e.g., increased general muscle tension (Berlyne, 1960; Kvasov & Korovina, 
1965). According to the general view expressed in this paper, however, the total 
OR complex may be divided into components which indirectly aid the organism 
in determining possible behavioral requirements by increasing the sensitivity of 
receptor mechanisms (e.g., pupillary dilatation, behavioral orienting toward the 
stimulus) and those responses which represent a general preparation to respond 
(increased muscle tension, EEG desynchronization, cardiovascular responses). 
Such an interpretation receives support from those studies, reported earlier, which 
have shown that activational or ergotropic responses precede and accompany 
behavior. 

Habituation of the OR has traditionally been reviewed as a kind of stimulus 
learning. Sokolov (1960, 1963a, 1963b), for example, has shown that a “neuronal 
model” of the stimulus is established on the basis of repetitive experience with 
that stimulus. The L1neuronal model” is multi-dimensional in form, i.e., it includes 
the amplitude, frequency, duration, and rate of presentation characteristics of 
the stimulus. That a kind of learning has taken place during habituation, that a 
“model” of the stimulus has been constructed, is shown by the fact that the OR 
reemerges when any characteristic of that stimulus is changed. Although differing 
in some respects, other attempts to specify the central events underlying habitua- 
tion are similar to Sokolov’s to the extent that they have concentrated on the 
stimulus learning features of the phenomenon (cf. Lynn, 1966). 

Germana (3968b) has shown, however, that the (‘neuronal model” of a stimulus 
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includes the characteristics of associated behavioral responses. In  these studies, it 
was shown : that stimuli which have behavioral associates (signal stimuli) produce 
greater ORs than non-signal stimuli; that “novel’7 behavioral associates produce 
greater ORs to signal stimuli than cL~ld7’  associations; and, that the overall level 
of ORs across the habituation series is a direct function of the amount of “re- 
sponse information” to  be encoded. Perhaps the most interesting finding of these 
studies is the demonstration that the degree of reemergence of the OR is directly 
related to the amount of behavioral change that is required. 

The results of these studies indicate that those central structures which are 
responsible for the production and habituation of the OR are a t  least as concerned 
with behavioral characteristics as they are with stimulus parameters. It is clear, 
for example, that response novelty may be as effective as stimulus novelty in pro- 
ducing the OR. These findings lend some support to the contention that the 
organism is primarily concerned with behavioral requirements and that its 
attempts to facilitate the sensitivity of sensory systems in the OR situation may 
be essentially reducible to its overall attempt to produce adaptively efficient be- 
havior. 

Psychophysiological Correlates of Behavioral Learning 
Germana (1968a) has reviewed the research literature concerning the psycho- 

physiological correlates of learning. The studies which were considered in this 
previous paper employed the traditional psychophysiological technique of record- 
ing physiological events, as behavior was being manipulated (in this case, through 
classical and instrumental conditioning procedures). In  addition, these studies 
provided some objective behavioral criteria for identifying stages of learning so 
that  physiological records of individual Xs could be examined a t  comparable 
points in the learning process. 

It is clear from this discussion that these GSR, EEG, and heart rate studies 
have consistently supported the existence of an “activational peaking” effect. 
The effect consists of the following sequence of events: during the initial stages of 
learning, activational responses to the CS systematically increase over the level 
of responsiveness characteristic of the pre-conditioning or habituation stage. 
These increments continue until some level of CR performance is achieved, after 
which activational responses decrease in magnitude. 

Several features of the “activational peaking” effect should be emphasized. 
First, only the activational responses which occur to the CS demonstrate the 
effect, in contrast to the responses which occur to the reinforcing stimulus which 
tend to show only habituation. Secondly, trial-by-trial increments in activation 
can be demonstrated in those situations (serial, paired-associate learning, concept 
formation) which involve the learning of a discrete response(s) to a stimulus, or 
series of stimuli. In  these situations, the trial-by-trial increments occur when the 
X is committing the final response errors which immediately precede his achieve- 
ment of the learning criterion. Lastly, activational peaking may not occur when 
the X has already learned one response to each stimulus and is then required to 
associate new responses to the same stimuli. 

In  view of these last findings and because activational responses occur in a wide 
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variety of situations and tend to be quite general in nature, it is probably un- 
reasonable to suggest that the increments in activation which occur during learn- 
ing reflect either the specific encoding or an engrammic support process. It should 
also be noted that the initial incremental arm of the “activational peaking” effect 
occurs in direct contrast to the OR habituation which would be expected on the 
basis of stimulus repetition. 

It has been suggested (Germana, 196Sa) that the activational responses which 
demonstrate the peaking effect may constitute general preparations to respond 
and act in this capacity to facilitate lLcorrect response” emission. Lacking in this 
interpretaticn, however, is the identification of the specific features of the situa- 
tion which “trigger” the successive increments in activation. If i t  may be assumed 
that the primary effect of learning is to differentiate the “correct” response(s) 
from all other possible responses, then i t  may be postulated that the successive 
differentiation of the “correct” response serves to increase its novelty in the initial 
stages of conditioning. Response novelty, as noted earlier, produces ORs which 
are graded on the basis of the degree of response change. It may be suggested, 
therefore, that the process of response differentiation contributes a novelty fea- 
ture to the CS, resulting in successive increments in activation. Following differ- 
entiation habituational decrements then occur. 

SUMMARY AND CONCLUSIONS 
The neurophysiological and psychophysiological studies which have been re- 

viewed consistently support the hypothesis that the central integration of auto- 
nomic and somatic systems normally results in a high degree of intercorrelation 
between autonomic and behavioral responses. It is clear, therefore, that the 
distinction between nervous systems is primarily an anatomical convenience 
which applies well a t  the periphery, i.e., in terms of innervated effector organs, 
but which constitutes a gross over-simplification of central organization. It is 
undoubtedly more precise to speak in terms of response complexes which possess 
both autonomic and somatic components, as Hess and Gellhorn have done, and 
it is more realistic to view the two systems as complexly coordinated into response 
patterns. When i t  can be shown that behavioral involvement, occurring even a t  
the simplest level of complexity or difficulty, produces autonomic involvement 
and distinct patterns of autonomic discharge, then it would seem appropriate to 
recognize that integrated autonomic-somatic activity is not reserved for “emer- 
gency” or exercise conditions. 

In  contrast, i t  is apparent that activational or ergotropic responses are readily 
produced as preparations for overt behavior which take the form of L‘postural,” 
“anticipatory,” or “ereismatic” adjustments. These preparations for behavior, 
with their central, autonomic, and somatic components are most clearly evident 
in situations which involve: (a) a transition from behavioral inactivity to overt 
behavior (Germana, 196813, 1969) ; (b) a transition to more intense, sustained, or 
complex behavior (Pinneo, 1961); (c) the presentation of a novel stimulus (Ber- 
lyne, 1960; Sokolov, 1963a) ; and, (d) the acquisition of a new response to a stimu- 
lus (Germana, 1968a). 

It is suggested, therefore, that integrated autonomic-somatic activity may 
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occur predominantly in situations which involve intensive (situations a and b) or 
extensive (situations c and d) preparations for overt behavior. In  these last situa- 
tions, the organism is, by definition, ignorant of specific appropriate behaviors 
and, for this reason, can make only a general as opposed to a specific preparation 
to respond. 

It is interesting to note that the above-mentioned situations are precisely those 
in which human Ss might report anxiety or apprehension. If conflict situations, 
which again demand an extensive preparation for more than one behavioral 
response, are added, then i t  would seem reasonable to suggest that preparations 
for behavior constitute the basis for these emotional experiences. This hypothesis, 
i t  will be noted, is quite similar to the “attitude” theory proposed by Nina Bull 
(1951,1962). Having seen in preceding sections of this paper that the autonomic- 
somatic components of behavioral preparations are primarily organized within 
the central nervous system, however, it would seem more reasonable to suggest 
that the central organization of “attitude” directly constitutes the emotional ex- 
perience. To rephrase Sperry (1952), “. . . the preparation to respond constitutes 
the emotion.” The basic problem with peripheral theories is that what they imme- 
diately rob from the central nervous system, they must return twofold. That is to 
say, they must first postulate that the system is capable of organizing extremely 
complex and well-diff erentiated peripheral responses and, secondly, that the 
system is capable of interpreting the total pattern of reafference. Although it 
would appear that the system can do both tasks quite well, it is nevertheless more 
direct and parsimonious to postulate that central efferent organization itself 
constitutes experience. 

I n  discussing the integration of autonomic and somatic responses, it was not 
intended to ignore the fact that the autonomic nervous system clearly performs 
functions which may not be directly related to behavior. But, the demonstration 
that  the autonomic system is not closed to  external events, that it, too, is con- 
cerned with adaptive behavior and functions in tandem with the somatic sys- 
tem, lends further support to the notion that the brain is primarily a motor or- 
gan. 
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PATTERNS OF AUTONOMIC AND SOMATIC ACTIVITY DURING 
CLASSICAL CONDITIONING O F  A MOTOR RESPONSE‘ 
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Sl& conductance (SC) ,  heart rate (HR),  and muscle-action potentials 
(MAP) were recorded from 10 8s during habituation and subsequent classi- 
cal conditioning of a voluntary motor response. Responses to the CS, oc- 
curring in all three physiological measures, demonstrated a pattern of ac- 
tivity which has been termed “activational peaking” ( AP). Activational 
responses to the CS increased during initial conditioning trials but returned 
to the level of responsiveness characteristic of habituation with subsequent 
CS-US pairings. The SC and MAP basal activity during four-trial segments 
also demonstrated AP. These findings extend the generality of the AP  ef- 
fect and provide support for the hypothesis that AP constitutes a pattern 
of changes in the preparation for behavior. 

A recent review of the psychophysiologi- 
cal literature (Germana, 1968a) revealed 
broad replication, across Xs, tasks, and 
measures, of a pattern of activational 
responses, e.g., electroencephalographic 
(EEG) desynchronization, galvanic skin 
response (GSR) , and heart-rate (HR) 
acceleration, which occurs during behav- 
ioral conditioning or learning. This pattern, 
termed “activational peaking” (AP) , con- 
sists of the following sequence of events: 
( a )  During the initial stages of condition- 
ing, activational responses to the CS show 
systematic trial-by-trial increment up to  
the trial or group of trials which define 
some behavioral criterion of response ac- 
quisition ; ( b )  subsequent elaboration of 
the CR is accompanied by decrements in 
these activational responses toward the 
preacquisitional habituated level. 

Germana (1968a) has discussed some of 
the immediately available interpretations 
of this effect (e.g., that it reflects an 
engrammic support process) and has 
found them inadequate in one or more 
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respects. It was suggested that activational 
responses generally occur during intensive 
and extensive preparations for overt be- 
havior and that AP represents the case in 
which preacquisitional preparations for be- 
havior are more extensive than those which 
occur when the CR has become fully 
elaborated within S’s behavioral repertoire, 
i.e., when the CR becomes fully reflexive. 
Some preliminary support for this hy- 
pothesis has been provided by the finding 
that habituated orienting responses re- 
emerge when changes in overt behavior are 
required (Germana, 1968b). 

The present study was designed to ex- 
plore the changes in somatic muscle-action 
potentials (MAP) or electromyographic 
activity which occur during conditioning, 
since these may more directly reflect prep- 
arations for behavior, and compared these 
responses with those occurring in two 
measures of autonomic activity, GSR and 
HR. In  addition, the experiment investi- 
gated changes in the tonic or background 
activity occurring in these effector systems 
and contrasted these with the responses 
apparently bound to the CS. It was an- 
ticipated that extensive preparations for 
behavior would be relatively persistent 
and would therefore be reflected in basal 
activity scores. Previous observations in 
this laboratory (Germana, 1969a; 
Germana & Chernault, 1968) have shown 
that preparations for behavior have per- 
sistent or tonic effects on physiological 
base lines. 
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METHOD 

Subjects 
Ten male undergraduate students volunteered 

to participate. 

Apparatus 
Physiological and behavioral responses were re- 

corded on a Grass Model 7 polygraph. The 7P1 
preamplifier was used, along with AgIAgC1 elec- 
trodes and K-Y surgical jelly, to record skin con- 
ductance (SC). The electrodes, 8.5 mm. in di- 
ameter, were taped to the central volar region of 
the distal phalanges on the index and ring fingers 
of the right hand after these surfaces had been 
cleansed with alcohol. The 7P4 tachographic pre- 
amplifier presented a beat-by-beat read-out of HR 
in beats/minute (b/m). Plate electrodes were at- 
tached in the standard Lead I1 configuration. The 
7P5 wide-band ac preamplifier was used to record 
raw MAP and these signals, in turn, constituted 
the input to the 7P10 preamplifier which cumula- 
tively integrated MAP voltage over time. Silver 
disc electrodes were affixed with Grass EC-2 cream 
to record the activity of the brachioradialis muscle 
of the left forearm. The elbow was used as a 
reference site. 

The Grass remote event marker was placed in 
S’s left hand so that the button could be depressed 
by a flexion movement of the thumb. The com- 
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plete polygraph record therefore presented four 
measures of physiological activity (SC, HR, raw 
and integrated MAP) and a permanent trace of 
S’s button-pressing response. 

A Kodak Carousel projector was used to pre- 
sent blank-light stimuli and slides containing three 
asterisks. The slide tray was programmed so that 
each of nine asterisk slides, which served as CSs, 
was preceded by four blank-light stimuli and was 
timed for 5-sec. advance by a Lafayette timer. 
Impulses for slide-tray advance also reset the 
MAP integrating channel to base line so that 
measures of total MAP activity in successive 
5-sec. stimulus intervals could be obtained and 
stimulus events could be denoted on the poly- 
graph record. 

Procedure 
The classical conditioning paradigm which was 

employed has been termed the “motor method of 
speech reinforcement” or, more briefly, the “mo- 
tor-speech” method. It involves the pairing of a 
discriminable CS, on the one hand, with a verbal 
command US, delivered by E, and a consequent 
voluntary UR, on the other (cf. Hartman, 1965). 
Although there exist some questions concerning 
the representativeness of this procedure, i t  was 
employed in the present experiment because it 
was anticipated that: ( a )  The task would be 
characterized by high i n t e r s  homogeneity of ac- 
quisition rate; ( b )  it would result in rapid CR 
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FIG. 1. Magnitude of GSR, HR acceleration, and MAP response (in T-score units) to  the CS dwing 

habituation (Trials 1-3) and subsequent conditioning (Trials 4-9). 
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FIG. 2. Mean integrated MAP response during habituation (Trials 1-3) and subsequent conditioning 

(Trials 4-9) as a function of trial segment. 

,d formation; and (c) positive results would extend 
the generality of the AP effect across learning 
tasks. 

After the electrodes had been &xed to S,  he 
was simply informed that blank-light stimuli and 
slides containing asterisks would be presented and 
that on some occasions he would be told to press 
the button in his left hand. He was further in- 
structed to avoid extraneous movement and to 
depress the button, when requested, in a quick 
discrete fashion. 

Each S received nine trials-a trial consisted 
of four blank stimuli followed by an asterisk 
slide (Segments 1-5). The S was not requested to 
depress the button on the initial three habitua- 
tion trials but the verbal command US, “press,” 
was administered immediately after the terminu- 
tion of the asterisk-slide CS (Segment 5) on the 
remaining six conditioning trials. 

RESULTS 

Responses to  the CS 
The GSRs occurring to the asterisk CS 

were transformed into square-root change 
in conductance units, HR accelerative 
response was measured as the maximal 
continuous or unbroken acceleration in 
b/m to the CS (the criterion for discon- 
tinuity was a deceleration of two or more 

b/m), and total MAP occurring in the 
5-see. CS period was directly measured 
from the integrated read-out in millivolts. 
It should be noted that  the integrated 
MAP includes any phasic responses to the 
CS and the ongoing or tonic level of 
activity occurring during this period. 

Figure 1 presents the specific responses 
to the asterisk CS, i.e., those occurring 
during Segment 5, on the three habituation 
and six conditioning trials. The GSR, HR, 
and integrated MAP responses were con- 
verted into T scores for comparison. It is 
apparent that whatever habituation OG- 
curred on the first four trials was effec- 
tively reversed after the first conditioning 
trial, that the AP pattern was present in 
all three measures, and that the “peak” 
response occurred on Trial 6 (following 
two conditioning trials). 

A Measures x Trials analysis of vari- 
ance was applied to these data and yielded 
a ( F  = 2.914, df = 8/144, p < .01) trials 
effect. Neither the measures ( F  < 1) nor 
interaction ( F  = 1.205, d f  = 16/144) effect 
was significant. Subsequent trend analysis 
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FIG. 3. Mean basal SC during habituation (Trials 1-3) and subsequent conditioning (Trials 4-9) as a 

function of trial segment. 

of the trials effect resulted in significant 
linear (F,  = 6.028, df = 1/144, p < .05) 
and cubic (F = 13.642, df = 1/144, p < 
.001) components. 

Intersegmental Analysis of Basal Activity 

Basal SC in micromhos, HR in b/m, 
and total integrated MAP in millivolts 
were measured for Trial Segments 2-5. 
Segment 1 measures were excluded from 
analysis since they were directly con- 
founded with the overt behavioral re- 
sponse. 

Figure 2 shows integrated MAP activity 
during these four segments on all nine 
trials. The patterns consist of habituation 
and subsequent AP and are clearly com- 
parable for all segments. Again, peak 
activity occurred on Trial 6. A Segments X 
Trials analysis yielded a (F = 29.298, 
df = 8/216, p < .001) trials effect. Trend 
analysis revealed significant linear (F = 
41.958, df = 1/216, p < .001) and cubic 
(F = 105.120, df = 1/216, p < .001) com- 
ponents. The segments effect resulted in 

F = 1.67? (df = 3/216) ; the interaction 
effect yielded an F < 1. 

The basal SC data presented a somewhat 
similar picture. As shown in Figure 3, 
habituation occurred on the first four trials 
but was completely reversed after the first 
presentation of the US and evocation of 
the UR. No clear peak is apparent in the 
data. Analysis of variance, however, re- 
vealed a significant trials effect (F = 
72.454, df = 8/216, p < .001) with signifi- 
cant linear and cubic components (F = 
226.186 and 225.983, df = 1/216, p < .001, 
respectively). The analysis yielded a sig- 
nificant segments effect (F = 5.609, d f  = 
3/216, p < .05) and an insignificant iii- 
teraction ( F  < 1) effect. 

Figure 4 presents the basal H R  data, 
characterized only by a tendency toward 
habituation across all nine trials. No evi- 
dence for AP is apparent. Analysis of these 
data yielded a (F = 4.156, df = 8/216, p < 
.001) trials effect which, when subjected to  
trend analysis, demonstrated only a signifi- 
cant linear component (F = 24.489, df = 
1/216, p < .001). The segments effect ( F  = 
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FIG. 4. Mean basal H R  during habituation (Trials 1-3) and subsequent conditioning (Trials 4-9) as a 
function of trial segment. 

4.071, df = 3/216) was also significant a t  
this level but the interaction effect resulted 
i n a n F  < 1. 

DISCUSSION 
The results of the present study provide 

additional support for the AP effect and 
extend its generality over learning tasks. 
Responses occurring during the presenta- 
tion of the CS demonstrated AP in all three 
physiological measures and basal activity 
measures of SC and MAP yielded the same 
pattern of habituation and subsequent 
AP for all analyzed trial segments. No ex- 
planation is available at  the present time 
for the lack of an AP effect in the basal 
HR data. 

The finding that background somato- 
motor activity demonstrated AP during 
conditioning provides necessary, though 
not sufficient, support for the hypothesis 
that AP constitutes a pattern of changes 
in behavioral preparations. Additional, 
though indirect, support for this interpreta- 
tion is provided by the fact that AP oc- 
curred in all measured trial segments. 

Lastly, the findings of the present study 
constitute a demonstration of the integra- 
tion of autonomic and somatic activity 
and provide some support for the concept 
of “cardiac-somatic coupling” presented by 
Obrist and Webb (Obrist, 1968; Obrist & 
Webb, 1967; Webb & Orbist, 1967a, 
196713). A partial discrepancy between 
HR and MAP activity apparently oc- 
curred in the intersegmental analysis. 
Extensive reviews of the neurophysiologi- 
cal and psychophysiological literature con- 
cerning the subject of autonomic-somatic 
integration have been provided by Gell- 
horn (1967) and Germana (196913). 
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Differential effects of interstimulus 
1 interval on habituation 

and recall scores’ 

JOSEPH GERIIIANA , Virginia Polytechnic 
Insritute, Blacksburg, Va. 24061 

Habituation of the orienting reflex (OR) 
may be viewed as a simple or model form of 
learning. Previous research (Germana, 1968) 
has demonstrated that habituation of the 
OR may take the form of conventional 
stimulus-response learning and suggested the 
present comparison between habituation 
and a behavioral recall measure. Habituation 
to a I @digit number was an inverse function 
of interstimulus interval (ISI), whereas recall 
of the same stimulus, tested after 
habituation, did not significantly vary across 
the range of ISIs employed. It was suggested 
that the effects of  ISI on habituation were 
primarily determined by increased difficulty 
of encoding rate o f  stimulus presentation at 
increasingly longer ISIs and that behavioral 
recall does not reflect this temporal 
dimension of stimulus learning. 

Habituation represents a general 
neurophysiological and behavioral process 
which may constitute “a model 
phenomenon for the study of (the) neuronal 

,,) substrates of behavior [Thompson & 
Spencer, 1966, p. 161.” It consists of 
systematic response decrement which 
occurs as a function of repeated stimulation 
and which cannot be simply attributed to  
either receptor adaptation or fatigue. ’ 
Habituation of the orienting reflex (OR), 
e.g., is defined by the decrement in both the 
autonomic and somatic components of this 
response which results when a stimulus of 
fixed or unaltered characteristics is 
repeatedly presented to the organism. 

Several investigators (e.g., Grossman, 
1967; Hernandez-Peon & Brust-Carmona, 
1961; Thompson & Spencer, 1966; and 
Thorpe, 1963) have concluded that any 
broad definition of learning will include the 
phenomenon of habituation or that 
habituation may be regarded as a simple 
form of negative learning, i.e., learning not 
to respond. 

Support for this view has been provided 
by the extensive research on the OR which 
has revealed that habituation is highly 
selective to the characteristics of the 
experimental stimulus. Selective 
habituation is demonstrated by 
reemergence of the OR when a change, of at 
least just-noticeable value, occurs in the 
intensity, frequency, or temporal 
parameters of the stimulus. 

Sokolov (1960; 1963a, b) has shown, 
e.g., that: (a) a decrease in stimulus inten- 
sity, (b) a change in pattern of component 
stimuli, (c) the omission of a stimulus 
previously presented at regular intervals, 
or (d) the administration of a dishabituat- 
ing stimulus will cause reemergence 
of the habituated OR. These find- 
ings effectively argue against the 
hypotheses that receptor adaptation or 
fatigue are responsible for habituation of the 
OR or that habituation involves only 
neuronal refractoriness (cf. Gray, 1966; 
Lynn, 1966). 

Sokolov has postulated the existence of a 
central “modeling system” within which the 
discriminable aspects of the habituated 
stimulus are encoded. He has described the 
“neuronal model” of a stimulus as 
“polyvalent,” in the sense that it includes 
the intensity, frequency, duration, and rate 
of presentation characteristics of the 
experimental stimulus. Recent data 
(Germana, 1968) have revealed, however, 
that the characteristics of associated 
behavioral responses are also included in the 
“neuronal model” of the stimulus. 

This last finding suggests that habituation 
may take the form of conventional 
stimulus-response learning and that 
measures of the processes mediating 
habituation and other behavioral learning 
may be comparably affected by various 
experimental parameters. Barrett & Ray 
(1968) have shown, e.g., that 
electroconvulsive shock interferes with both 
habituation and recall in mice. The present 
study was designed to investigate the effects 
of interstimulus interval (ISI) on 
habituation, generalized habituation, and 
verbal recall scores in human Ss. 

SUBJECTS 
S i x t y - f o u r  male and female 

undergraduates, enrolled in an introductory 
psychology course, volunteered to 
participate. 

APPARATUS AND PROCEDURE 
Subjects were randomly assigned to eight 

IS1 groups: 5, 15, 30, 45,60,90, 120, and 
240 sec. All Ss received four trials, on each 
of which the complete 10-digit number, 
3760549182, was presented for 5 sec, and a 
fifth trial, on which the different number, 
6194273058, was presented. Five seconds 
after the presentation of this last number, Ss 
were asked to recall “the first number that 
had been presented.” 

Slides containing these number stimuli 

were presented by a Kodak Carousel 
projector which was programmed for 5-sec 
advance by a Lafayette timer. Thus, ISIS 
were filled with blank-light, slide-tray 
advances occurring every 5 sec. It was 
anticipated that this method, combined 
with instructions to “attend” to  the stimuli, 
would maintain S’s attention to the site of 
stimulus presentation. In addition, it was 
regarded as a moderate method of reducing 
rehearsal. An active rehearsal-prevention 
procedure could not be employed because 
such a method would disrupt skin 
conductance which was monitored 
throughout the experiment. 

The galvanic skin responses(GSRs) to the 
five experimental stimuli were measured for 
all Ss in order to test for habituation on 
Trials 1-4 and for generalization of 
habituation on Trial 5. GSRs were recorded 
from the distal phalanges of the index and 
ring fingers of the right hand. Ag/AgCI 
electrodes, prepared with K-Y surgicaljelly, 
were firmly taped to these surfaces after 
they had been cleansed with alcohol. A 
Grass Model 7 polygraph, equipped with 
7P1 preamplifier, was used to record these 
responses. 

RESULTS 
GSRs were converted into square-root 

change in conductance units since this 
measure acts to normalize the distribution 
of scores and, in addition, tends to free 
GSRs from baseline conductance effects. 

Recall scores were computed in the 
following wzy. A single digit was counted as 
correctly recalled if it occurred in the 
correct position or if it followed in correct 
sequence from the previously given number. 
Number of correct digits were summed and 
constituted the recall score, out of a 
possible 10, for each S .  

Figure 1 presentsmean GSR on Trials 1-4 
as a function of ISI. Separate analysis of 
variance showed that the IS1 groups were 
not significantly different on Trial 1 
(F < 1). It is apparent, however, that degree 

.ooo -- I 
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Fig. 1. Mean galvanic skin response (GSR) 
to the same 10-digit number on Trials 1-4 as 
a function of interstimulus interval (ISI). 

, 
Psychon. Sci., 1969, Vol. 17 (2) 73 



1.600 

1.200 - 
I B 
A ,800 

i 
CI 

A00 

. O O O J l  

IS1 effect. For this reason, and to test for the 
effects of repetition on recall of the present 
material, an additional 64 Ss were given only 
one exposure to the same stimulus 
employed on Trials 1-4 in the preceding 
experiment. Recall was tested after time 
intervals equal to the ISIs previously used 
and these intervals were also filled with 

' blank-light, slide-tray advances occurring 
every 5 sec. 

Mean recall score after one exposure was 
5.34 but, again, there was no consistent 
effect of ISI. Since the fluctuations of recall 
means across intervals were similar to those 
found in the first study, an IS1 by number of 
repetitions analysis of variance was applied 
to the combined recall data of the two 
experiments. The analysis yielded only a 
significant number of repetitions effect 
[F(1,112) = 5.641, p < .05], indicating 
that recall was reliably improved after four 
exposures. Subsequent trend analysis of the 
IS1 effect (F < I ) ,  carried out to the quintic 
component, yielded no significant effects. 

DISCUSSION 
The results of these studies indicate that 

IS1 produces different effects on 
habituation and recall scores. Habituation 

- 

- 
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stimulus rate with increasingly longer ISIS. 
In contrast to measures of habituation, 
measures of recall or recognition do not 
directly test this temporal dimension of 
stimulus learning. Thus, the differential 
effects of IS1 on habituation and recall 
scores may simply result from the fact that 
these two measures are not equally 
comprehensive 
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Fig. 2. Mean galvanic skin response (GSR) 
to a different 10-digit number on Trial 5 as a 
function of interstimulus interval (ISI). 

of habituation on Trials 2-4 was an inverse 
function of IS1 and that little or no 
habituation was demonstrated when an 
IS1 = 240 sec was employed. A groups by 
trials analysis of these data yielded a 
significant groups or IS1 effect 
[F(7,56) = 10.341, p < .001]. Both the 
trials and interaction effects resulted in an 
F <  1. was shown to be an inverse function of IS1 PP- 393-412. 
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THE EFFECTS OF RESTRICTED MOVEMENT ON PROTEIN 

METABOLISM AND BODY COMPOSITION 

A series of experiments were conducted t o  examine the  e f f e c t s  of re- 

s t t i c t e d  movement on pro te in  metabolism and on body composition. conditions 

of r e s t r i c t e d  movement and shor t  periods of forced exe rc i se  w e r e  u t i l i z e d  t o  

simulate conditions imposed upon man during space travel. 

Experimental Procedures 

Laboratory rats were used i n  a l l  experiments. The animals w e r e  housed 

i n  ind iv idua l  screen-wire cages i n  an animal room having cont ro l led  tempera- 

t u r e  and humidity. The d i e t  w a s  usua l ly  a commercial preparation and w a s  fed 

I ad l ib i tum unless t h e  p a r t i c u l a r  experimental regime demanded a va r i a t ion .  

Res t r ic ted  movement w a s  obtained by placing animals i n  s m a l l  r e s t r a in ing  

Af ter  c e r t a i n  d i f f i c u l t i e s  i n  devices which permitted l i t t l e  o r  no movement. 

e a r l y  preliminary tests, t h e  r e s t r a in ing  cages worked very w e l l  and the  de- 

s i r e d  conditions w e r e  obtained. A s a t i s f a c t o r y  scheme f o r  feeding the  animals 

i n  the  res ixs in ing  cages w a s  n o t  ava i l ab le  although numerous attempts w e r e  

made. Thus, the  animals w e r e  f reed  f o r  purposes of g e t t i n g  feed and w a t e r  

at regular  i n t e r v a l s  during each day of t h e  experiments. 

I n  c e r t a i n  experiments exerc ise  w a s  forced upon groups of animals by 

placing the  a n i m a l s  i n  a tank of warm w a t e r  f o r  cont ro l led  periods of t i m e .  

A n i m a l s  w e r e  observed during t h i s  time t o  prevent drownings. 

Changes i n  the  composition of the  whole body and c e r t a i n  t i s s u e s  were 

determined. The amounts of water, f a t  and n i t rogen  i n  t i s s u e s  o r  i n  excre ta  

w e r e  determined by methods of t he  A.O.A.C. (1960). 



- 2- 

Results and Discussion 

The results from the various experiments are discussed in the following 

sections. 

Effects of short periods of exercise. Adult male rats were divided into four 

groups. Each group had comparable average weights at the beginning of the 

experiment. The four groups were treated as follows for 18 days: 

A. Unrestricted movement, swimning for 10 minutes daily. 

B. Unrestricted movement, no forced exercise. 

C. Restricted movement, swimming for 10 minutes daily. 

D. Restricted movement, no forced exercise. 

Results from this experiment are given in Table I. 

Table I. Average weight change and food consumption of adult rats 
restricted in movement and forced to exercise 

Treatment Weight change Food Consumption 
(a/day) (dday) 

A. Unrestricted, exercised 0.5M. - 6l 9.73.9 

B. Unrestricted 0.421.2 9.6+1.4 - 
C. Restricted, exercised 0.2-to.6 - 9.9M.8 - 
D. Restricted - 0.2+1.3 - 9.8+1.7 - 

'Mean -t SD, ten animals in groups A and Cy eleven animals in groups 
B and-D. 

The animals restricted in movement lost weight (Group D) or did not gain 

as much weight as the unrestricted animals (Groups A & B). Forced exercise 

by swimming had no significant effect on weight changes of rats restricted, 

although Group C continued to gain weight while Group D lost weight. The 

effects of even more strenuous or longer periods of exercise on changes in 

weight can be speculated on, but in this experiment, significant changes did 

not occur. 
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Losses i n  weight a s  a r e s u l t  of r e s t r i c t e d  movement. Results from t h e  above 

experiment i l l u s t r a t e d  t h e  loss  of weight (Group D) when animals were re- 
', 
, 

s t r i c t e d  i n  movement. Data from seve ra l  experiments indicated t h i s  loss  

during r e s t r i c t i o n .  A five-day experiment (Table 11) i n  which animals were 

r e s t r i c t e d  demonstrated c l e a r l y  t h i s  r e s u l t .  

Table 11. Average changes i n  weight during a five-day experiment. 

Treatment 

Res t r i c t ed  

Con t r o  Is 

Weight change 
0 

-7.8' 

10.5 

'Mean of 4 animals per group. 

Adaptation t o  r e s t r i c t i o n .  Although animals l o s t  weight r ap id ly  during the  

i n i t i a l  days during r e s t r i c t i o n  (Table 11), the  animals seemed t o  adapt t o  

r e s t r i c t i o n  and would ga in  weight i f  t h e  experiment were prolonged. 

phenomenon i s  i l l u s t r a t e d  by changes i n  weight of animals r e s t r i c t e d  and unre- 

This 

s t r i c t e d ,  but paired f o r  food in take ,  i n  Figure 1. Data from other  experiments 

demonstrated a similar r e s u l t .  Animals reached t h e  low poin t  i n  weight a t  

about day 15 and gained weight from t h a t  po in t .  

Feed intake and weight l o s s .  I n  those experiments where food consumption was 

not cont ro l led ,  l a rge  d i f fe rences  i n  weight changes between cont ro l  animals 

(unres t r ic ted)  and r e s t r i c t e d  animals occurred. Experiments were conducted 

t o  examine t h e  r e l a t i o n s h i p  between a c t i v i t y ,  food consumption, and weight 

changes. Pair-feeding technique was used t o  equal ize  food consumption between 

r e s t r i c t e d  and con t ro l  animals. 
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Table 111. Changes i n  weights of ra ts  r e s t r i c t e d  i n  movement and 
con t ro l  animals given same amounts of t o t a l  food. 

Treatment Daily Food Weight Gain 
Consumed ( g )  (a> 

Res tr i c t e d  10.6l 7.2 

Con tr ol s 11.0 28.2 

h e a n  of IO animals per  treatment. 

The r e s u l t s  indicated c l e a r l y  t h a t  r e s t r i c t i o n  i t s e l f  r e su l t ed  i n  changes 

i n  weight (Table 111). The same conclusion can be based on da ta  i n  Table I, 

another experiment i n  which food in take  was cont ro l led  between paired groups 

of animals. 

Table IV. Changes i n  weight and carcass composition during r e s t r i c t i o n  
compared t o  pair-fed and l i b i tum cont ro ls .  

Treatment 

Res t r ic ted  

Pa i r -  fed 

Ad- Libitum 

Res t r ic ted  

Pair- fed 

Ad-Libitum 

Weight changes 
Day 0 Day 4 Day 8 

211.8l 186.8 140.0 

212.4 193.0 173.0 

211.6 219.6 198.6 

% Water 

77.1 77.1 80.1 
77.1 73.9 75.5 

77.1 75.2 75.5 

% Nitrogen 
Day 0 Day 4 Bay 8 

2.88 2.83 2.75 

2.88 2.84 2.81 

2.88 2.79 2.84 

% Fat 

4.08 3.56 0.88 
4.08 4.40 3.12 

4.08 4.42 2.80 

'Mean of 5 animals per treatment. 

Changes i n  body composition. Analyses of the  composition o f  animals, such as 

the  experiment i n  Table I, showed no d i f fe rences  i n  amounts of nitrogen, f a t  

and moisture. However, s ince  the  major l o s s  i n  weight of t hese  animals (Table 

I) seemed t o  be as  a r e s u l t  of l o s ses  i n  body f a t ,  t o t a l  weight changes of 

ind iv idua l  animals regard less  of treatment was compared t o  t he  percentage of 
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carcass f a t  (Figure 2) .  A highly s i g n i f i c a n t  pos i t i ve  co r re l a t ion  (r = 0.798) 
~i 

was found between t h e  two parameters. A s  ga in  i n  weight increased, the  

percentage of carcass f a t  increased. 

Data from an experiment designed to show the  changes i n  composition during 

the  r e s t r i c t i o n  confirm t h e  e f f e c t  on carcass fa t .  These da t a  (Table I V )  show, 

as expected, t h a t  weights drop markedly i n  the  i n i t i a l  days of r e s t r i c t e d  move- 

ment (day 4-day 8). However, t h e  percentage of n i t rogen  was not a l t e r e d .  

Res t r i c t ion  causes t h e  amount of carcass f a t  to drop markedly and the  amount 

of water to increase above t h e  con t ro l  groups. 

Short term r e s t r i c t i o n  followed by r e h a b i l i t a t i o n .  Animals r e s t r i c t e d  i n  move- 

ment l o s t  considerable weight during a 7-day r e s t r i c t i o n  period, but regained 

t h i s  weight r ap id ly  when returned t o  a normal metabolism cage (Table V ) .  During 

a 91-day recovery period, t h e  r e s t r i c t e d  animals a t t a ined  weights above t h e  

pair-fed cont ro ls  and almost as much as l ib i tum fed animals. There seemed 

t o  be no long-term e f f e c t s  of r e s t r i c t i o n ,  but t hese  da t a  a r e  not conclusive. 
, 
i 

Effec ts  on p ro te in  metabolism. There seemed to be no real e f f e c t s  on p ro te in  

metabolism and losses  of n i t rogen  from the  body during r e s t r i c t e d  movement. 

Data from seve ra l  experiments were similar t o  those reported i n  Table I V .  No 

d i f fe rences  i n  nitrogen r e t en t ion  between cont ro l  and restricted animals were 

found. Attempts to accomplish nitrogen balance experiments were abandoned 

because of physical  problems encountered with the  r e s t r i c t i o n  un i t s .  The 

co l l ec t ion  of excre ta  and thus the  quan t i t a t ive  analyses f o r  n i t rogen  losses  

were impossible using these  u n i t s .  

Summary and Conclusions 

In  a series of experiments it was demonstrated t h a t  r e s t r i c t e d  movement 

causes a dramatic l o s s  i n  weight, The loss i n  weight was a t t r i b u t e d  i n  p a r t  

to lowered energy in take ,  but even when t h e  e f f e c t s  of feed in take  were removed 
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by pair-feeding technique, t he re  was a loss explained only by the  r e s t r i c t i o n  

i n  movement. Short periods of forced exe rc i se  did not a l te r  t h i s  trend. 2 
The primary e f f e c t  of t h e  weight l o s s  w a s  a d r a s t i c  loss i n  body f a t  

accompanied by an increase  i n  body water. Nitrogen content was not changed. 

Animals adapted to r e s t r i c t e d  movement af ter  f i f t e e n  to eighteen days. 

There seemed to be no long-term e f f e c t s  of  r e s t r i c t i o n ,  although t h e  experi- 

ments were not conclusive i n  t h i s  respec t .  Neither was  t he re  an apparent e f f e c t  

on p ro te in  metabolism, although short-term n i t rogen  balance experiments were 

not conducted because of c e r t a i n  l i m i t a t i o n s  imposed by the  r e s t r i c t e d  regime. 

Table V. Changes i n  weight during r e s t r i c t i o n  and long-term r e h a b i l i t a t i o n  
following r e s t r i c t i o n .  

Treatment 
Ad Libitum Res t r i c t ed  Pa i r  - Fed 

I n i t i a l  weight 

Wt., end of 7-day 
r e s t r i c t i o n  

Recovery - Day 14 

Day 21 

Day 35 

Day 49 

Day 63 

Day 77 

Day 91 

208.7l 

230.7 

253.8 

284.8 

330.0 

357.7 

394.0 

408.7 

434.5 

h e a n  of 9 animals per  treatment. 

Publications:  

208.1 

159.2 

204.0 

252.4 

318.9 

345.8 

378.6 

400.3 

417.2 

208.2 

170.3 

215.6 

259.7 

313.3 

343.6 

368.3 

388.0 

407.4 
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